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The  material  presented  herein  contains  the  formal  proceedings  of  the 
Third  Symposium  on  High  Speed  Aerodynamics  and  Structures.  This  Sym¬ 
posium  was  jointly  sponsored  by  the  U.S.  Air  Force  Air  Research  and 
Development  Command,  Convair  -  A  Division  of  General  Dynamics  Corpora¬ 
tion,  Ryan  Aeronautical  Company,  and  the  University  of  California  at  Los 
Angeles.  As  in  previous  Symposia,  the  meeting  was  arranged  to  stimulate 
the  exchange  of  ideas  by  engineers  and  scientists  engaged  in  research  on 
both  high  speed  flight  within  the  atmosphere;  and  on  the  problems  of  manned 
and  unmaimed  vehicles  entering  the  earth's  atmosphere  at  near -satellite 
velocities.  All  sessions  were  held  in  a  classified  (Secret)  atmosphere  to 
permit  a  free  and  formal  exchange  of  classified  information.  The  formal 
proceedings,  however,  in  many  instances  are  of  lower  classification  or  in 
some  instances  are  unclassified.  For  this  reason,  these  papers  have  been 
published  in  three  volumes;  Unclassified,  Confidential,  and  Secret,  in  order 
to  achieve  the  broadest  dissemination  of  information  possible  in  academic, 
government,  and  industrial  circles. 


Charles  W.  Frick 
Chairman 

Program  Committee 
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ARDC  Objectives  Commander,  ARDC,  USAF 
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GAS  PHYSICS  OF  HIGH  ALTITUDE-HIGH  SPEED  FLIGHT 

S.  A.  Schaaf 

The  purpose  of  this  paper  is  to  give  a  brief  review  of  the  current 
state  of  knowledge  in  the  general  field  of  rarefied  gas  dynamics  and  to  pre¬ 
sent  some  of  the  more  recent  experimental  and  theoretical  results  obtained 
at  the  University  of  California  pertaining  to  high  altitude  aerodynamics. 

Free  molecule  flow,  i.e.  highly  rarefied  flow  for  which  the  molec¬ 
ular  mean  free  path  is  large  compared  to  the  model  or  vehicle  dimension, 
is  now  well -understood  at  least  for  moderate  speeds.  The  general  theory 
is  established,  has  been  verified  by  experiment  at  both  the  Ames  Laboratory 
by  Stalder  and  his  co-workers  and  at  Berkeley,  and  a  great  number  of  results 
of  aerodynamic  interest  are  now  available.  Further  work  in  this  region  will 
involve  experiments  on  high  energy  molecule-surface  interaction  and  exten¬ 
sions  of  the  general  theory  to  certain  types  of  non-equilibrium  for  the  incident 
gas.  Perhaps  the  result  of  most  aerodynamic  interest  in  free  molecule  flow  is 
the  general  one  of  very  poor  lift -drag  ratios  which,  in  fact,  approach  zero  at 
high  speeds  in  all  practical  cases. 

So-called  slip  flow,  i.e.  only  moderately  rarefied  flow  in  which  the 
molecular  mean  free  path  is  a  few  percent  of  the  vehicles'  characteristic 
dimension,  or  of  the  boundary  layer  which  forms  on  it,  is  considerably  more 
complex.  However,  the  basic  physical  formulation  seems  to  have  been  pretty 
well  established.  Surprisingly  enough,  the  standard  Navier-Stokes  equations, 
together  with  slip  velocity  and  temperature  jump  boundary  conditions  seem  valid 
for  these  densities.  The  main,  if  not  only  non-continium  effect,  seems  to  be  a 
straightforward  alteration  in  the  boundary  conditions.  Knowledge  in  the  inter¬ 
mediate  range  of  gas  densities  is  still  mostly  empirical,  and  where  available 
serves  to  provide  an  interpolation  between  slip  flow  on  the  one  hand  and  free 


molecule  flow  on  the  other. 
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One  of  the  most  important  general  results  of  research  in  the  slip  flow 
to  date  has  been  to  show  that  completely  continum  boundary  layer  interaction 
effects  are  in  most  cases  much  more  important  than  the  non-continum  slip 
and  temperature  jump  effects.  Even  small  slip  effects  (to  be  thought  of  mostly 
as  corrections  to  continum  results)  are  generally  associated  with  moderate 
Mach  numbers  and  very  small  Reynolds  numbers  -  of  the  order  of  5  and  1000 
respectively,  for  example.  But  for  such  values  as  these  for  these  parameters, 
the  skin  friction  and  induced  pressures  produced  by  the  thick  laminar  boundary 
layers  can  be  many  times  their  normal  values,  enough  to  greatly  alter  low  alti¬ 
tude  aerodynamic  characteristics.  The  relative  importance  of  skin  friction  and 
induced  pressure  varies  with  vehicle  geometry  and  orientation.  In  general, 
however,  lift -drag  ratios  begin  to  deteriorate  -  usually  because  of  the  effect  of 
skin  friction  on  drag. 

The  slides  depict  views  of  the  University  of  California  Low  Density  wind 
tunnel,  some  of  the  experimental  set-ups,  and  various  as  yet  unpublished  data 
on  pressure  distribution  and  aerodynamic  coefficients  in  the  slip  and  inter¬ 
mediate  ranges.  The  flat  plate  and  jphere-nozed  cone  pressure  distributions 
were  obtained  by  Drs.  Hurl  hurt  and  Talbot  and  Mr.  Aroesty;  the  sharp-tipped 
cone  pressure  distributions  were  obtained  by  Drs.  Talbot  and  Koga  and  Mrs. 
Sherman;  the  cone-cylinder  lift  and  drag  coefficients  were  obtained  by  Mr.  Nark. 
A  very  considerable  body  of  additional  similar  data  has  already  been  published. 

It  will  be  observed  that  these  results  apply,  for  vehicles  of  the  order  of 
1-10  feet  in  diameter,  to  altitudes  and  speeds  with  very  little  overlap  with  the 
"flight  corridor, "  i.  e.  the  corresponding  atmospheric  density  is  to  low  in  most 
cases  to  provide  sufficient  dynamic  pressure  to  generate  adequate  aerodynamic 
lift.  It  should  also  be  noted  that  these  are  wind-tunnel  experiments  and  corre¬ 
spond  to  adiabatic  models  and  moderate  gas  stagnation  temperatures,  whereas 


the  free  flight  conditions  would  be  for  cooled  surfaces  and  very  high  gas 
stagnation  temperature.  For  blunt  short  bodies  a  tentative  extrapolation 
of  the  wind  tunnel  data,  based  on  matching  only  the  Reynolds  number  behind 
the  detached  shock,  has  been  suggested.  Its  validity  has  not  yet  been  estab¬ 
lished  one  way  or  the  other.  There  is  clearly  a  great  need,  however,  to 
extend  slip  flow  research  to  higher  velocities  and  gas  temperatures  at  the 
same  general  density  level. 
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INDUCED  PRESSURE  DISTRIBUTIONS  IN  LEADING  EDGE  REGION 
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PRESSURE  DISTRIBUTION.  20®  CONE  ANGLE 
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ONE  DIMENSIONAL  UNSTEADY  GAS  DYNAMICS  BY 


HYDRAULIC  ANALOGUE 
Dr.  W.  H.  T.  Loi 

SUMMARY 


Hydraulic  analogy  comes  from  the  mathematical  similarities 
of  the  basic  equations.  In  two  dimensional  steady  flow,  the  equa¬ 
tions  of  continuity,  momentum  and  energy  were  found  to  be  iden¬ 
tical  in  mathematical  forms  by  many  authors  for  an  irrotational 
isentropic  perfect  gas  flow  with  a  specific  heat  ratio  of  2  on  one 
hand  and  an  incompressible  frictionless  water  flow  in  an  open 
horizontal  channel  of  a  rectangular  crossection  on  the  other  hand. 
Pressure  waves  in  the  gas  flow  corresponds  to  gravity  waves  in 
the  water  flow.  The  shock  waves  of  gas  dynamics  corresponds 
(although  not  rigidly)  to  hydraulic  jump*  of  hydraulics.  This  is  so 
called  "water  table",  which  has  been  used  frequently  in  the  past  to 
study,  in  an  analogical  sense,  the  two  dimensional  steady  subsonic 
and  supersonic  flows. 

The  present  paper,  instead  of  using  two  dimensional  steady 
flow  as  done  before ,  examined  the  problem  of  one  dimensional  un¬ 
steady  flow.  It  was  found  here  that  (1)  the  equations  of  continuity, 
momentum  and  energy  are  identical  in  mathematical  forms  for  an 
isentropic  perfect  gas  flow  of  a  specific  heat  ratio  of  any  value, 
say  K  on  one  hand  and  an  incompressible  frictionless  water  flow 


*  NACA  TM  934  and  935  "Application  of  the  Methods  of  Gas  Dy  * 
namics  to  Water  Flows  With  Free  Surfaces"  by  Ernest  Preiswerk. 
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in  an  open  horizontal  channel  of  a  crossectional  shape,  described 

2-K 
TC  1 

by  the  equation  Z  =  Y  ,  on  the  other  hand.  Here  Z  is  the  local 
width  and  Y  is  the  local  height  of  the  crossection,  and  (2)  the  equa¬ 
tions  of  waves  and  wave  propagation  are  also  identical  in  mathe¬ 
matical  forms  for  the  two  said  flows.  In  the  case  of  one  dimen¬ 
sional  unsteady  flow,  it  was  further  found  that  the  case  of  specific 
heat  ratio  of  2  in  a  rectangular  channel  is  a  special  case  of  the 
general  case  when  n  =  0  (n  is  defined  in  the  text). 

TWO  DIMENSIONAL  STEADY  FLOW 


Let  us  start  with  the  well  known  two  dimensional  steady  flow 
case.  This  case  was  found  and  discussed  by  many  many  authors. 
This  case  will  deal  with  the  following  two  analogous  flows.  A  flow 
of  irrotational  isentropic  perfect  gas  of  specific  heat  ratio  equal  to 
2  and  a  flow  of  an  incompossible  frictionless  water  in  an  open  hori¬ 
zontal  channel  of  a  rectangular  crossection  (slide).  The  equations 
of  continuity,  momentum  and  energy  for  the  two  flows  are  shown  in 
the  following: 


Gas  Flow 


Continuity  Equation: 


u’ 


dp'  ,9u'  dp'  dv' 

-  +  o' - +  v' - 1-  p'~~~ 

dx'  ^  ax'  ay'  ay' 


Momentum  Equation 
.  9u 


ax' 


dv'  1  ap' 


dx' 


k-l 

.au'  ^  _  1  dp^  ^ 

ay'  ^  ay'  '  ~'k-l  ay' 


Water  Flow 


ah’  ^  au'  ah'  ,.av’ 

u’ —  +  h' —  +v' -  +h' - 

ax'  ax'  ay'  ay' 


.a-g'  .av'  _  ^ 
“  ax'  ^  dx'  ~  "ax' 


.au'  .av'  ah' 
'ay  ^'dy'  ~  "ay 


Energy  Equation 


u 


uW. 


-  1  - 


u2 

^max. 


Here  the  equations  were  shown  in  non-dimensional  form,  so  iden¬ 
tical  terms  in  corresponding  equations  may  be  put  equal  numerically. 
Comparison  of  the  corresponding  equations  show  the  following  anal¬ 
ogous  terms: 

Gas  Flow  Water  Flow 


The  last  condition  specifies  that  the  flow  of  water  is  comparable 

C 

with  the  flow  of  a  gas  having  a  ratio  of  specific  heats  k  =  =  2. 

Although  no  such  gfas  with  k  =  2  was  found  in  nature  but  the  hydraulic 
analogue  has  been  found  useful  in  a  qualitative  manner  for  the  studies 
of  two  dimensional  steady  subsonic  and  supersonic  flows. 
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ONE  DIMENSIONAL  UNSTEADY  FLOW 


In  a  similar  manner  as  done  in  the  two  dimensional  steady 
flow  case,  the  one  dimensional  unsteady  flow  is  hereby  presented. 
This  case  deals  with  the  following  two  analogous  flows  (slide).  A 
flow  of  isentropic  perfect  gas  of  any  specific  heat  ratio,  say  k,  and 
a  flow  ul  an  incompossible  frictionless  water  in  an  open  horizontal 
channel  of  a  crossectional  shape,  described  by  the  equation  Z 
The  equations  of  continuity,  momentum  and  energy  for  the  two 
flows  are  derived  in  the  following: 

BASIC  ASSUMPTIONS 

1.  The  fluid  is  frictionless  so  that  conservation  of  energy  into 
heat  is  excluded  both  in  gas  and  in  water. 

2.  The  flow  is  one  dimensional  and  is  in  a  duct  (for  gas)  or 
channel  (for  water)  of  uniform  crossection.  This  implies  that 
V  and  w  components  of  fluid  velocity  are  negligible  compared 
with  u  component  of  fluid  velocity, 

3.  The  vertical  acceleration  of  the  water  is  negligible  compared 
with  the  acceleration  of  the  gravity.  Under  this  assumption  the 
static  pressure  at  a  point  of  the  field  of  flow  depends  linearily  on 
the  vertical  distance  under  the  free  surface  at  that  position,  hi 
otherwords,  p  -  pg(h-y).  It  is  further  assumed  that  the  velocity 
is  uniform  and  constant  over  any  crossection  in  perpendicular  to 
the  flow  direction.  The  justification  of  this  assumption  for  the 
case  of  one  dimensional  unsteady  flow  is  given  in  Appendix  A. 

4.  In  one  dimensional  unsteady  gas  flow,  all  parameters 
(pressure,  temperature,  velocity)  are  assumed  to  be  uniform 
and  constant  across  any  section  in  perpendicular  to  the  direction 
of  flow. 
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THE  EQUATION  OF  CONTINUITY 


Gas  Flow: 

The  well  known  equation  of  continuity  for  one  dimensional 

unsteady  flow  has  the  following  form: 

dp  dp  9u  ^ 

dt  9x  ^8x 

Putting  into  non-dimensional  form  by  letting: 


it  becomes: 


dp'  du'  in  dp' 

u'-^  +  p' -  +( — =  0 

8x'  ^  8x'  'aota^  9t' 


Water  Flow: 

The  continuity  equations  says  that  the  net  mass  rate  of  flow 
crossing  the  control  surfaces  must  be  equal  to  the  net  rate  of 
change  of  mass  inside  the  control  volume.  At  a  given  instant,  the 
mass  rate  of  flow  into  the  left  boundary  is  pAu  and  the  mass  within 
the  control  volume  is  pAdx.  Hence  we  can  write 


8  (pAu)  ,  8 

dx  .  —  (pAdx) 

Expanding  this,  and  noting  that  p  is  constant  for  water  flow,  we  get 

8A  ^  8u  8A 

u —  I  A —  +  - ^  0 

8x  8x  8t 
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Putting  into  non-dimensional  form  and  noting  that  A  = 


=  h’ 


1 


r 

I 


THE  EQUATION  OF  MOMENTUM 

Gas  Flow: 

The  well  known  equation  of  momentum  for  one  dimensional 
unsteady  flow  has  the  following  form; 


9u  9u  ^ 

9t  9x  p  9x 


Putting  into  the  same  non-dimensional  form  and  noting  the  isentropic 
P  _  Po 

relationship  ^  k  Set: 

P  Pq 


-  ( 


^o  ta 
^a 


■)  ( 


9P 

ax' 


k-l 

k 


au' 

at' 


Putting  into  non-dimensional  form  as  done  before,  we  get: 


Water  Flow: 

The  law  of  conservation  of  energy  requires  that  the  difference 
in  the  rate  of  supply  energy  entering  to  a  control  volume  V  and  the 
rate  at  which  energy  leaves  V  must  be  equal  to  the  net  rate  of  increase 
of  energy  in  V. 
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Rate  of  energy  leaving  at  b  -  b 

=  1^  y )/"udA+y*(gy)  pudA+y^pudA^ 

'  u2  )  p  u  dA  ^  y  (g  y)  p  u  dA  t  J*  p  u  d  A J  dx 


Rate  of  energy  increase  in  volume  V. 


=  -“  u2)  p  dA  dx  t  y  (g  y)  P  dA  dx 


Therefore ,  we  may  write  the  energy  equation  according  to  the  law  of 
conservation  of  energy  as  stated  above: 


p  u  dA 
p  dA  + 


^  J'(sy)  P  u  dA 
y*  (g  y)  P  dA  J 


+ 

dx 


p  u  d  A 


] 


dx 


Expanding  this  relation  by  noting  that  dA  rr  y^'dy,  p  =  pg  (h-y)  and 
further  simplifying  it  by  using  the  known  relations  of  continuity  and 
momentum  equations  already  derived,  we  get: 

0h  ,  3h  ,h*^^2  9^h^  h”^2  8^h^ 

9t  dx  '  n  t-l  '  9t  ^  n+1  '  dx 


0 


Putting  into  non-dimensional  form,  we  get: 


EQUATIONS  OF  STANDING  WAVES 


In  order  to  make  the  hydraulic  analogy  more  clear  for  the 
present  case  of  one  dimensional  unsteady  flow,  it  is  best  to  check 
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further  the  mathematical  similarities  of  fundamental  wave  equations. 
Only  the  simple  equations  of  wave  formation  produced  by  some  simple 
causes  are  considered  here  for  simplicity,  because  otherwise  the 
equations  would  be  too  complicated  and  difficult  to  operate.  However, 
it  is  believed  that  the  analogy  of  waves,  which  exist  in  those  simple 
equations  will  also  exist  in  complicated  wave  mechanisms.  From 
this  point  of  view,  the  following  equations  were  derived  in  Appendix  C 
and  were  given  here  for  comparisons. 


Gas  Flow  Water  Flow 


Now  we  have  derived  the  basic  equations  of  continuity,  momentum  and 
energy;  and  we  have  also  derived  the  basic  equations  of  simple  waves 
and  wave  propagation.  Summarizing  these  equations  and  comparing 
them  term  by  term,  we  will  have  the  analogous  terms  in  the  two  flows. 
These  identical  terms  in  corresponding  equations  may  be  put  equal 
numerically,  because  they  are  already  in  non-dimensional  forms. 

This  was  done  in  the  following  two  pages. 
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SUMMARY  OF  ANALOGOUS  EQUATIONS 


Summarizing  all  the  above  equations,  we  have; 
Gas  Flow 


Water  Flow 


1,  Equation  of  Continuity 


.  dp'  ^  .  9u’  Ja_  ^  .  Q 
^  ax'  ^  ax'  "  '  aoto  9t' 


.  ah’’^"^  n  1 
ax'  "  ax' '  \  /gho' 


n-1  w 


2.  Equation  of  Momentum 


au*  a^vt 


u- 


1  ap ' 
ax' 


inM  ,cah' 
nr— M"''>a;r' 


3,  Equation  of  Energy 


!£■ .  (k-i,  p.  i£. 

at'  '  (a  ’  ax'  '  ’  at' 


ah'  1  .  n-2  aST^^ 


u - (— :)  h’ 

ax'  n -1^ 


n'u-  =  0 


'n-lH  V 


4.  Equations  of  Standing  Waves 


.ia2  [(-2-)  -11 

k  »  ax  "  Po ' 


n  1,  gho  9  h  n  -2 
at2  ‘  ^n  -2  n  -1^  ax 


~2 


(g^Oi  9^^ 
at2  n-1  3x2 


a2  h  n ‘■2  gh„  a  h  n  2 


Gas  Flow 


Water  Flow 
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SUMMARY  OF  ANALOGOUS  QUANTITIES 


Siunmarizing  the  analogous  terms,  we  have: 


1.  Local  Speed  of  sound 


1,  Local  speed  of  wave 


a  -- V  KRT 

2.  Local  Mach  number 
_ U_ 


M  = 


Vkrt' 


3.  Local  density  ratio 


c\j 


gh 


2,  Local  Mach  number 
u 


M 


JW 


3.  Local  water  depth  ratio 
h  nfl 

(tt-) 

”o 


4.  Local  pressure  ratio 


5.  Local  temperature  ratio 
T 

(TT-) 

A  ri 


6.  Flow  similarity  number 
(— ) 


7.  Function  of  gas  specific 
heat  ratio 


4.  Local  water  depth  ratio 
h  n+2 


(- 


5,  Local  water  depth  ratio 


“o 


6.  Flow  similarity  number 


^  t 
n+1  w 


7,  Function  of  channel 
crossection  exponent 

(nfl) 


The  last  condition  is  the  one  the  water  channel  crossection  must  possess  in  order 
to  represent  a  gas  flow  of  desired  specific  heat  ratio  K. 
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DISCUSSIONS 


The  relationship  (r^  -  (nH)  shows  that  change  of  the  shape  of 
the  crossection  changes  the  values  of  K.  For  ordinary  gas 
problems,  the  following  values  of  K  are  interesting: 


Flows 

K 

n 

Equation  of 
Channel 
Crossection 

Shape  of 
Channel 
Crossection 

Flows 

1. 

P  =  c 

0 

-2 

y^z  =  c 

hyperbolic 

isopiestic 

2. 

V  -  c 

QC 

-1 

yz  ^  c 

hyperbolic 

isometric 

3. 

T  =  c 

1 

oc 

indeterminate 

indeterminate 

isothermal 

4. 

1.  4 

1.  5 

1.5 

z  =  cy 

parabolic 

isentropic 

5. 

P 

pi.  5"^ 

1.5 

1.0 

z  -  cy 

triangular 

approxima 

isentropic 

6. 

^2  =  0 

P^ 

2.0 

0 

z  -  c 

rectangular 

classical 

results 

It  is  also  interesting  to  see  that  if  n  =  o,  the  shape  of  the  crossection 
is  in  rectangular  form,  and  the  present  analogical  results  are  e.xactly 
reduced  to  those  given  in  the  two  dimensional  steady  flow  case  (class¬ 
ical  results): 


P  h  9  P  h 

"  (r-)  -  (r-)  =  (:-)  - 


T  h 
Tq  ^o 


a  = 


c  =  \gh 

Because  the  velocity  in  a  water  channel  can  be  made  as  small  as  one 
thousandth  or  less  of  those  occurring  in  a  gas  stream,  according  to  the 
analogous  relationship  of 


w'ave  velocity 


sound  velocity  = 
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the  time  scale  can  correspondingly  be  lengthened.  This  makes  hydraulic 
analogue  a  relatively  easy  way  for  observation  and  study  of  transient 
effects  in  gas  dynamics.  The  slow  motion  can  even  be  seen  by  eye.  This 


feature  is  particularly  useful  for  studies  such  as  unsteady  flow  in 
ducts,  traveling  shocks  and  unsteady  flow  such  as  occurring  in 
wave  engines  and  might  also  be  useful  for  study  transient  phenomena 
such  as  occurring  during  the  starting  of  a  diffuser  and  the  stabiliU' 
of  a  diffuser  during  operation. 

It  is  the  purpose  of  this  presentation  to  brief  the  "one  dimen¬ 
sional  unsteady  hydraulic  analogue"  in  addition  to  the  classical 
"two  dimensional  steady  hydraulic  analogue"  as  possible  tools  for 
the  study  of  gasdjmamics  by  the  "water  table  method" 


APPENDIX  A 


Discussion  on  the  Assumption  that  the 
Velocity  is  constant  over  the  whole  crossection 


Consider  the  surface  s,  which  encloses  a  volume  V,  fixed  in 
space.  The  law  of  conservation  of  energy  requires  that  the  differ¬ 
ence  in  the  rate  of  supply  of  energy  to  the  volume  V  and  the  rate  at 
which  energy  goes  out  through  s  must  be  the  net  rate  of  increase  of 
energy  in  the  volume  V.  Let  U  be  the  total  energy  per  unit  mass, 
then  we  have  immediately ; 


-  f  Up  Uj  nj  ds  -  y'up  dv 


dv 


By  Green's  theorem 

"i  ‘ 

s  V  J 

to  transform  the  surface  integral  into  volume  integral  then 
^(Upuj)  -f-(Up)|  dv  »  0 

Since  V  is  arbitrarily  chosen  the  integrand  itself  must  be  zero. 
Therefore. 

Expanding  and  substracting  continuity  equation,  we  have, 

jL,Upuj,  4  (Up).  Uj4,  =0 

In  the  present  case  of  one  dimensional  unsteady  incompressible  flow, 
this  becomes 

9  p  9  9  P  2 

ar '  2"  “  *  p  pgyi  *  u—  [—  u  -  p  -  pgji  -  0 


now  if  we  assume  that  the  vertical  acceleration  of  the  water  is 


negligible  compared  with  the  acceleration  of  gravity,  and  the 
pressure  at  a  point  of  the  field  of  flow  depends  on  the  vertical 
distance  under  the  free  surface  at  that  point.  In  other  words, 

p  =  pg  (h  -  y) 

Substituting  this  into  above  equation 

9  u^  9  u^ 

r  pg  (h  -  y)  ^  pgy  ]  +  U  —  [  p  —  +  pg  (h  -  y)  ^  Pgy]  -  0 


Therefore , 


9  U'^  ,  9  U'^  . 


Since  the  equation  does  not  contain  the  coordinate  "y",  there¬ 
fore  the  velocity  (the  particle  to  be  considered  is  arbitrary  "y" 
distance  above  horizontal  bottom)  is  constant  over  the  entire  depth 
of  y.  In  other  words  the  velocity  is  constant  over  the  entire  cros- 
section  and  is  a  function  of  h  only. 


51 


APPENDIX  B 


Consider  the  volume  between  a  -  a  and  b  -  b  which  are  dx  apart. 
In  order  to  help  the  derivation  of  the  volume  integral  between  a  -  a 
and  b  -  b,  an  enlarged  sketch  is  drawn  on  the  next  page.  Now  re¬ 
ferring  to  the  sketch,  the  volume  is  one  which  is  generated  by  moving 
the  plane  section  of  area  perpendicular  to  Ox  from  x  =  0  to  x  =  1. 


So 


V=/' 


'H 


A„  dx 


where  Aj^  is  a  function  of  x.  Assuming  the  surface  change  between 
section  a  -  a  and  b  -  b  is  straight,  because  they  are  only  dx  apart  in 
this  treatment.  Then  from  the  sketch 

h2  -  hi 


y  = 


f 


X  +  hj^ 


dy  =  ■-  dx 

t 

V  =  7*^  y”  dy  dx 


-  1 


-r 

•Jo 


n  +  1 


n+1 

,n+l 


dx 


rtf  v"  ^  jP 

‘Jo 


(h2  -  hj^)  (n+l)  (n+2) 


n+2  n  +2 

[hi  -  hg  ] 
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Applying  the  result  to  the  volume  between  a  -  a  and  b  -  b  by  using 
notations  shown  in  the  instantaneous  flow  diagram;  then  we  have 


hj  -h 

ho  =  h  +  — — dx 
■6  8x 

i  ^  dx 

,  ,.n+2  .  3h  ,  n+2, 

dx  [  h  -  (  h  +  —  dx)  ] 

V  - - XT - 

[  h  +  -~dx  -  h]  (n+1)  (n+2) 

9x 


r  ^  9h  ,  ,  n+2 

(~)  (n+l)  (n+2) 


therefore  the  mass  between  a  -  a  and  b  -  b  is 


pv  =  p' 


,.n+2  ah  n+2, 

■^(n+1)  (n+2) 
ax 
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APPENDIX  C 


Derivation  of  Equations  of  Standing  Waves 

In  order  to  make  the  hydraulic  analogy  more  clear  for  one 
dimensional  unsteady  flow,  it  is  best  to  check  further  the  mathe¬ 
matical  similarities  of  fundamental  wave  equations  in  this  appendix. 
The  gas  wave  is  considered  to  be  set  up  in  a  pipe  filled  with  gas.  The 
water  wave  is  considered  to  be  set  up  in  an  open  horizontal  channel 
filled  with  water.  In  both  cases,  the  pipe  and  the  channel  are  in  a 
constant  crossection,  and  the  waves  are  set  up  in  the  fluid  medium, 
while  the  fluid  are  considered  in  no  motion  except  the  small  oscil¬ 
lations  about  their  equilibrium  positions.  In  the  analysis,  only  the 
simple  equations  of  wave  formation  produced  by  some  simple  causes 
are  considered,  since  otherwise  the  equations  would  be  too  compli¬ 
cated  and  difficult  to  operate.  It  is  believed  that  the  analogy  of 
waves,  which  exist  in  these  simple  equations  will  also  exist  in  com¬ 
plicated  wave  mechanisms.  From  this  point  of  view,  the  following 
simple  equations  were  derived  and  compared. 

1.  Equation  of  continuity 
(a)  Air  waves: 

Consider  the  air  in  a  straight  pipe  of  uniform  crossection 


of  area  S  as  shown  in  figure. 


When  a  sound  wave  (or  any  elastic  wave)  passes  through  the 
pipe,  the  planes  at  different  points  along  the  pipe  will  be  displaced 
from  their  equilibrium  positions  back  and  forth  along  the  pipe.  This 
displacement  depends  on  both  t  and  x,  the  gas  ahead  of  one  plane  will 
always  be  ahead  of  that  plane,  the  gas  between  two  planes  will  always 
be  between  these  two  planes;  that  means  gas  particles  already  on  the 
same  plane  will  remain  on  the  same  plane  which  the  sound  wave 
penetrates.  Now  refer  to  figure  (a)  and  examine  two  planes  which 
at  equilibrium  are  at  the  distance  x  and  x  *■  dx.  The  gas  between  them 
has  a  density  Po  ,  so  the  mass  is  Pq  S  dx.  When  the  planes  are  dis¬ 
placed  to  the  dotted  position,  the  mass  between  them  will  not  be  changed, 
but  the  volume  is  changed  due  to  the  displacement  of  one  plane  being 

f  (x)  and  that  of  the  other  being  f  (x  dx)  =  t(x)  ^  -^dx,  and  hence  the 

^  dx 

density  changed  to  p  in  order  to  keep  mass  constant.  Therefore  the 
equation  of  continuity  is: 

pS  (  dx  r  f  (X  ^  dx)  -  f{x)]=p  [Sdx  S  -^dx  ]  -  p„Sdx  (1) 

dx  ^ 

let  the  relative  change  in  density  be  6  (x,t) 
where 

<5  -  — ~  P  -  Po  ^*5)  (2) 

Po  ° 

substituting  (2)  into  (1),  one  obtains 


Pq  (1  ♦-  5  )  S  dx  (1  + 


dx 


)  =  S  Pq  dx 


(1  -  6  )  (1 


-  1 


(3) 
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Since  the  change  of  density  and  displacement  is  small,  the  product  of 

o> 

two  small  quantities  6  —  may  be  neglected, 

ax 


1  +  6  +  —  =1 
ax 


(b)  Water  waves 


Consider  two  planes  perpendicular  to  the  length  of  the  channel, 
which  move  with  the  fluid,  and  therefore  always  contain  the  same 
particles,  and  which  before  the  fluid  was  disturbed  were  at  a  distance 
dx  apart;  at  time  t,  their  distance  apart  will  have  become 


dx  +  |(x  f  dx)  -  |(x)  =  dx  +  |(x)  +—  dx  -  ^(x)  =  dx  )•-— dx 

dx  dx 

but  the  quantity  of  fluid  between  them  will  be  unaltered  and  there¬ 
fore  by  equation  of  continuity,  one  obtains 


-  (dx  +  ^  dx) 
ax 


(ho+  V) 
n  +  1 


here  h^  =  water  height  at  undisturbed  condition 

7}  -  change  of  elevation  due  to  disturbance  with  reference  to 
h^,  it  is  equal  to  (h  -  h^),  here  h  is  the  instantaneous  water  height 


after  disturbance. 


(5) 


Comparing  (5)  with  (3),  one  obtains 


(1  +5)  --  (1 

‘'o 


2.  Equation  of  thermodynamics  and  equation  of  hydraulics 
(a)  Airwaves;  -  equation  of  thermodynamics 


dp  dv  _  dT 
p  V  T 


Now  if  V  =  constant  dV  =  0  then  dp  =  dT 

X  Hr,  X  P  HT 

dQ  =  (-)dp  =  (— )^dT 


C  =(iS|  =(®Swi, 

'"V  9p  T ' 


Similarly 


(9£,  .0  A 

3p  ’  P 

(2^1  c  (—1 

'av  ’  *  V  * 


for  adiabatic  change  between  volume  and  pressure  dQ  =  0 


“  'H'  *  O  ‘“P  -  T  (Cp  ^  f-)  =  0 


dv  ^  dp 


P  V 


Now  consider  the  gas  in  pipe  contained  between  the  planes  originally 
at  X  and  x  +  dx,  the  volume  of  the  gas  is  Sdx  and  the  change  in  volume 

9| 

is  S  -^dx. 


(6) 
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Since 


Sdx-S  [dx  +  I  (X  ^dx)  -  4(x))  S  dx  -  S  [dx  ^  ^(x)  r-~dx  -  ^(x)]  -  -S-— dx 

c^x  9x 

the  pressure  is  P^,  the  change  in  pressure  is  p  (excess  pressure  over 
Pq).  Applying  the  equation  (6)  of  thermodynamics  one  obtains 


C  S  dx 
P  dx  ^  ,  p 

S  dx  '  "  ^ 


P  ^  -K  P„  l|) 


substituting  (4)  into  (7),  one  obtains 


P-KP^  6 


K  P  ~ 
9x  o  8x 


(V 


(b)  Water  waves  -  equation  of  hydraulics 

n+2 


F  ^ 


/ 


pg  (h  -  y)  zdy  -  r:r~-7rr 


Pg 


(n^-l)(n*2)  (n+l)(nf2) 


(ho  ) 


9F 


pg 

(n-"l)(n+2) 


.n+1 


9^ 

dx 


-  ,h  II 

(n+l)  '  o  "  8x  (9) 

This  is  the  hydraulics  equation  of  the  relation  between  charge  of 
hydrostatic  force  on  the  volume  and  change  of  water  height  of  the 
volume. 
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3.  Equation  of  motion: 
(a)  Airwaves: 


Pq  " 


Pq  ^P(x 


.  iE. 

9x 


dx 


The  equation  of  motion  can  be  written  immediately 

9d 

S[Po  +  P(x)l  -S  [Pq  f  P(x)  +  —  dx]  -  po  S  dx 
where  |  is  the  displacement  of  the  plane  along  the  pipe 


9!i  .  JL  9  ^Po  ^ 

at2  "k  o  ax 


putting  it  in  non-dimensional  form  as  before 
92|'  .  1_  apta  9p' 

9t'2  K  '  fa  ^  9x' 


(b)  Water  waves: 


P  t 


ho 


k+1 


n^l 


■)  dx 


9^1 

9t2 


-  — dx 
9x 


here  ^2  is  the  acceleration  of  the  small  volume  between  two 

9F 

sections  dx  apart  in  undisturbed  state,  and - dx  is  the  differential 

9x 

change  of  the  hydrostatic  force  on  the  volume. 


(10a) 


(10) 


(11) 
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Substituting  (9)  into  (11)  one  obtains 


-g  (1  ^  ~) 
^o 


dy 

dx 


gh„  9  Tj  n  +2 

o 


gh^  n  rl  9  71  n  -2 


putting  it  into  non-dimensional  form  as  before 


92|' 


i!!”.  \ 

n-1  ^  1  n+1  9  y  n -2  ,  , 

n  "2^  9x'  ^  ^  ^  ~  ^ 


w 


comparing  (12)  with  (10)  one  obtains  immediately 


W 


K  - 


n  rl 

n-2 


P  ,  ,  y  Ti  ^2 

^  -11 
^o  “o 


(12a) 


(12) 


4,  Equation  of  waves 
(a)  Air  waves: 

Substituting  (4)  into  (8)  one  obtains: 


9P 

9x 


KP 


^  9x2 


Substituting  (13)  into  (10a) 


9t2  o  9x2 


(13) 


(14) 


Cl 


Similarily 


t2 

flv2 


A 

m2 


o  dx^ 


Equations  (14),  (15)  and  (16)  are  the  fundamental  wave  equations, 
(b)  Water  waves: 

Between  (5)  and  (12a)  either  r?  or  |  can  be  eliminated 
out,  the  result  in  terms  of  ^  is  simpler,  so  partial  differentiation  of 
(5)  with  respect  to  x  gives; 


2 


,  ,  7}  1  917 


substituting  (17)  into  (12a),  one  obtains 


^  "‘1  ho  ,1 

9x' 


substituting  (5)  into  the  above  equation 


4  =  ^ 

9t'^ 


4 

9x^ _ 

^  ^  2ni3 
^  9x  ’ 


From  equation  (5) 


,  9^  ^  Tj  n+1 


Therefore 


9|  T] 

IT  - 
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V  94 

Since"  is  a  small  quantity,-"  is  also  small  in  comparison  to  1. 
ho  9x 

(1  ^1^)  ^  1 


at2  Vr  8x^ 


Similarly 


9^  Ti  nf2  ghf.  9^  T] 

“2  [  (  1  +  -  '  -  11  -  (-^)  T-2-  f  (  1  +7^ 


5  -  I  < 

n  *-l  ax 


9^  71  n+1  gh^  9  ,  7)  n+1 

IP  " '  ^iir>  -  »  8x2  f  <  ^  -ir-» 


Equations  (19)  and  (20)  can  be  proven,  since  the  differential  equations 
are  satisfied  by  the  functions  of  tj  found  in  those  brackets  of  (19)  and 


(20).  The  proof  is  as  follows: 
substituting  (5)  into  (19)  one  obtains 


JL  r,.  .  K  n^l  gh^,  _9l.  ,  _  .  9f  n.l 


Ot^  ^  ^  ^  9x^ 


-  1]  .  -fY  [  (  1-  -ir-)  -  1 1 

‘  H+P  9x^  '  9x  ' 


9t2  '  nfl  djr 


The  result  is  the  same  as  equation  (18)  which  has  been  proved  already. 
Since  equation  (18)  is  satisfied  by  4.  equation  (19)  is  satisfied  by  rj. 
Similarly  equation  (20)  may  be  proved.  Comparing  equations  (18),  (19), 
and  (20)  with  equations  (14),  (15)  and  (16)  respectively  after  putting  them 
into  non  dimensional  form,  one  obtains  again, 

^o  o 


5  -  [(l>-j")"'^-l] 
o 


5.  Equation  of  wave  propagation  velocity 


(a)  Airwaves; 


The  wave  propagation  velocity  in  air  is  well  known  as  the  sound 
velocity  in  air  which  can  be  expressed  as 

a2=^-K-£- 

dp  p 

so  the  wave  propagation  velocity  in  undisturbed  stream  is 

a2  ^ 

°  Po 

(b)  Water  waves; 

The  wave  propagation  velocity  of  water  in  an  open  channel  of  a 
constant  crossection  of  any  shape  with  a  straight  horizontal  bottom 
was  derived  mathematically  by  J.  McGowan,  * 


where  A  =  the  area  of  the  crossection 

b  =  the  breadth  at  the  free  surface 

Applying  equation  (21)  to  the  crossection  Z  =  y’^.  Then 


«  g  i-TT-  )  -  /-i-lLv 

9,  n^^l  -  ( — r^) 

c  =  - - -  n+1 

h" 

so  the  wave  propagation  velocity  in  the  undisturbed  stream  is 

c2  =  («i2) 


*  J.  McGowan:  p.  258,  Philosophical  Magazine,  Vol.  33,  1892. 
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In  this  appendix  the  following  equations  have  been  deri\ed. 


Equations  of  Gas 


1.  Equations  of  continuity: 


(1,5)  (1  -  1 

dx 

2.  Equation  of  thermodynamics: 


2E.  _  KP„-2i 
ax  o  ax 


3.  Equation  of  motion: 


^  2  _ap;_ 

at'2  K  fa  ^ 


4.  Equation  of  wave: 


.2  £ 


at2  "  3x2 


a2p 


2 

o 


9  5  2 

— 5“  =  a^ 
o 


o  9x2 


5.  Equation  of  wave  propagation  velocity; 


Equations  of  Water 
1.  Equation  of  continuity: 


2.  Equation  of  hydraulics: 

9F  ^  Pg 
ax  (n-l) 


(hg  -T?) 


n+1  dri 
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3.  Equation  of  motion: 


n  1 
d 


4.  Equation  of  wave; 


dt^  'n-1^  8x^ 


T)  n4-2 


V  n-2 


9^  rj  n  -1  ghr,  9^  77  n  -1 

_  r  i  1  _ I— t  11  _  /O  Ov  _  r  /  1  _ L_\ 


1  -  IT’ 


££11/^  «.■'  //  1 


5.  Equation  of  wave  propagation  velocity; 


Comparison  of  the  corresponding  equations  in  the  two  cases  show 
that  these  corresponding  equations  have  the  same  forms  respectively. 
From  these  we  may  derive  the  conditions  for  the  analogy  that  the 
following  analogous  magnitudes  hold  valid  for  the  two  cases: 


^  V  n  "1 

(1-6)  Ml  -—) 

o 


a  ta  -=  V  n  -1 


p  T7  n  t^2 

=  [(1  -  '  )  -1] 
Pn  ho 


5  = 

"o 


Note  here  the  symbol  "p"  is  the  excess  pressure. 
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NOMENCLATURE 


A  =  Crossectional  area  of  channel 
a  =  Local  velocity  of  sound  = 

Cp  =  specific  heat  at  constant  pressure 
Cy  =  specific  heat  at  constant  volume 
C  =  local  wave  propagation  velocity  = 

h  =  local  water  depth  of  flow 

Cn 

k  =  ratio  of  specific  heats  =  —iL 

Cy 

£  =  some  characteristic  length  in  flow 

n  =  exponent  in  relation  Z  =  y’^,  Z  =  width  of  channel,  y  =  height 
of  channel 

P  =  local  pressure 

ta  =  some  characteristic  time  in  gas  flow 
t^  =  some  characteristic  time  in  water  flow 
t  =  time 

T  =  local  temperature  in  gas  flow 

u  =  local  velocity  of  flow  in  x  direction 

Greek  letter 

p  =  local  density  of  fluid 

5  =  relative  change  in  density  =  — — ^ 

Po 

I  =  a  function  of  x.  which  represents  the  displacement  of  the  plane 
disturbed  by  the  wave  motion 

Tj  =  change  of  elevation  of  water  due  to  disturbance  with  reference  to  h^ 

Subscripts 

a  =  air  flow 

w  =  water  flow 

o  =  undisturbed  condition  or  the  initial  equilibrium  condition 
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ANALOGOUS  EQUATIONS 

TWO  PI«AENSIONAL  STEADY  FLOW 
CSV  EJ?NST  PRE/SWERfC  UN  PER  PJRECT/OA/  OF  J.  ACFERET) 
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SONIC  VELOCITY  =  WAVE  VELOCITY 


ANALOGOUS  QUANTITIES 

(TWO  DIMENSIONAL  STEADY  FLOW) 
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EQUATION  OF  CONTINUITY 

.OW  WATER  FLOW 
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EQUATION  OF  MOMENTUM 
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BQ.UATION  OF  SENDING- 

G-AS  WAVES  WATER  WAVES 
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OF  THB  PLANE  DISTURBED  BV  THE  WAVE  MOTION 
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VOU  33,  1892  BY  J  M^COWAlsI 


SUMMARY  OP  ANALOGOUS  QUANTITIES 
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SPECIAL  CASE 

IT  IS  INTERESTING  TO  NOTE  THAT  IF  K=  2  THEN  TV  BECOMES 
O  AND  THE  SHAPE  IS  RECTANGULAR.  THE  ANALOGOUS  RE¬ 
SULTS  ARE  EXACTLY  REDUCED  TO  THOSE  GIVEN  IN  THE  TWO 


o 


II 


Slide  #13 


80 


Lil 

m  § 
§  i< 


< 

O  Ck: 

UJ 

r  Lu 


^  o 


§  I 

t-  cn 

<2  > 

2  a> 

3  _ 


2  D 
O  3 

r  A  O 


O  ^ 

UJ  <( 

z  0^ 

o  J- 

w  yj 

< 

9  ui 
>  a 

<  5) 
^  2 
UJ  — 

d)  u 

O  < 

^  ii; 

<  O 
2  ^ 
>•  2 
O  o 

^  o 

f  5 


^0  o 

?  2 

5<  ^ 

o  O 
O  2 


o  5 

111  'J 

“  y 

ul  Q 

o  2 
“  “ 
in  UJ 

o  li! 

“  V 

ii*  >• 

o  tD 

z 

3  0. 

>  3 

w  In 

Jo 


Z  Ui 

2  Q? 

&  I 

-r  Ul 


O  < 
O  O 

H  > 

UJ  ^ 

>  < 


z 

lU  O 

o 


U}  o 
o  ^ 

ui 

O  X 
2  »- 

iO  X 

o  I- 


tp  > 
<  0 
>  0 

X  J 

5  z 

5  < 


Slide  #14 


81 


GAS  FLOW 
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CorrespondiVvcj 


HYPRAULIC  RESULTS  COMRAREP  TO  GAS  RESULTS 


o? 


S  z 

5s£- 

ui  r- 

P«2 

U  CL  S 


Of  r 

IS 

0*1 

|l 


^Si 

sS" 


UJ  ^  Ul 

v52vd 

zGz 

Ul  «  ui 


z<-:.Ln 

p«tfo 

Ul  ut  t 

o  ^  ^  ^ 
2p22< 

<  U.  QC  O 


U.  Og 
ft  (A 

P  WO 

<o5 

005 

O  UiCL 

3fi 


oy>P 
;e£z 
<Ott 
2  h5 

mOtf 
^  UlUl 

s 

o  ox 
CO  (AIAI 


O 

3> 

<0 


>-z 

I< 


Slide  #21 


CRANK  ANGLE 


HYDRAULIC  RESWJS  COMPARED  TO  GAS  RESULTS 
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HYDRAULIC  MODEL  TEST 


HIGH  TEMPERATURE  GAS  DYNAMICS 
PHENOMENA  IN  HYPERSONIC  FLIGHT 


W.H.  Wurster  aiid 

C.E.  Treanor 

Cornel]  Aeronautical  Lab. 
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HIGH-TEriPU^iTUIi::.  G..3  JYTiAGICS  Ii:  HYP:  HoC;  TG  FLX  PT 

By:  '.'J.  H.  Vurster  and  G.  3.  Treanor 
Cornell  Aeronautical  Laboratory 

The  advent  of  hypersonics  has  brou^rht  about  a  hose  of  ne^-:  problems 
relating  to  the  nature  of  the  mediuin  through  v:hich  high-speed  aircraft 
fly.  These  problems  arise  not  only  from  the  direct  effects  of  high 
velocities  and  lov;  densities,  but  also  from  the  influences  of  the  chemical 
processes  induced  by  flight  at  these  conditions.  These  reactions  include 
the  dissociation  of  the  normal  molecules  of  the  atmosphere  and  the  formation 
of  appreciable  concentrations  of  nex-j  radicals  and  molecules.  The  effects 
of  such  reactions  on  various  aerodynaraic  properties  such  as  heat  transfer 
and  sound  speeds  are  being  extensively  studied,  I  vjouid  like  to  emphasize 
still  another  problem,  namely,  the  stuay  of  the  interaction  of  electro¬ 
magnetic  radiation  vrith  high  temperature  air.  Several  examples  can  be 
cited  vrhere  such  a  study  is  of  direct  value.  ”e  have  already  heard,  and 
shall  likely  hear  further  at  this  symposium  of  the  importance  of  radiative 
heat  transfer  at  high-speed  flight  conditions.  Further,  in  the  case  of 
the  increasingly  popular  concept  of  high-speed  reconnaissance  not  only  the 
fidelity  of  visual  records  but  the  actual  possibility  of  obtaining  records 
with  such  a  vehicle  depend  strongly  on  the  radiative  properties  of  the 
shock-heated  air  around  the  craft.  A  sheath  of  heated  air  can  modulate  the 
radiation  from  the  ground  to  the  detectors  within  the  craft  by  absorption, 
and  can  further  complicate  data  by  emitting  radiation  of  its  own.  In  both 
cases  it  is  important  to  know  the  identification  of  the  optically  active 
constituents  of  this  sheath  and  the  dependence  of  their  radiative  properties 


on  wave  length,  temperature  and  density. 

This  resecirch  was  mltially  snonsored  by  the  Air  i'orce  J':>ecial  eapons 
Center  at  Kirtland  Air  I'orce  Base,  Aei-r  Ilexico,  The  ultraviolet  absorptive 
oroperties  have  been  measured  and  a  nrelininar;;-  report  of  the  results  set 
forth  Cc.A.L,  Kept,  L'o.  Qli-997-A-l).  I  vjould  first  like  to  revievj  briefly 
the  experimental  nrocedure  and  the  results  of  that  work,  and  then  present 
the  results  of  subsequent  exoeriments. 

Slide  1:  The  air  to  be  studied  was  placed  in  the  lot?  pressure  section  of 
a  clean  but  othenjise  conventional  closed  shock  tube.  The  processing  of 
this  air  by  the  primary  and  reflected  shock  graves  produces  for  about  100 
microseconds  a  small  pocket  of  compressed  and  heated  air  at  the  end  of  the 
shock  tube.  This  air  is  in  thermodynamic  equilibrium  at  high  temperature 
and  density.  During  this  interval,  the  continuum  output  of  a  xenon  flash 
lamp  is  passed  through  the  gas,  and  the  resultant  absorption  spectrum 
photographed  with  a  medium  quartz  snectrograph.  Impurity  radiation  from 
the  shock  tube,  which  usually  attends  the  termination  of  the  equilibrium 
interval  is  eliminated  from  the  record  by  a  high  speed  shutter  placed  in 
front  of  the  spectrograph  slit,  -A  photomultiplier  tube  mounted  vrithin  the 
spectrograph  records  the  exact  time  at  which  the  absorption  spectruin  is 
taken,  and  monitors  the  operation  of  the  shutter.  The  state  of  the  gas  is 
calculated  using  the  initial  conditions  before  the  run,  and  the  measured 
shock  'iiave  speed.  Ion  gaps  serve  to  detect  the  progress  of  the  shock  along 
the  tube. 

Perhaps  the  most  significant  finding  of  this  study  was  the  strong 
absorption  of  ultraviolet  radiation  by  shock-heated  air.  The  next  slide 
demonstrates  this  effect. 

Slide  2;  Here  is  a  direct  photograph  of  one  of  the  spectrograph  plates, 
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The  spectrui.i,  labelled 


depictinfj  the  region  fro 2550  to  3500  Sn^iatroiris. 

"background"  reoresents  tlie  unmodulated  outnut  of  the  ::enon  flash  larap, 

I’hile  that  designated  "absorotion"  is  the  sane  flasli  throu.Ji  the  air  in 
the  shock  tube  nhjich  has  in  this  case  been  brought  to  a  tenoerature  of 

K  at  four  tines  atmospheric  density.  The  remaining  spectra  ;:ere  talcen 
through  filters  to  calibrate  the  ohotocrauhic  plate,  vhile  the  superlr nosed 
iron  arc  enectra  furnish  accurate  vrave  length  references.  As  can  be  seen,  at 
3000  R  a  structural  absorption  sets  In,  \ihich  gradually  increases  in  strength 
until  at  2600  S  the  absorption  is  greater  tlaan  55^  .  Under  these  conditions  a 
layer  of  air  only  1  1/2  inches  thick  has  essentially  become  opaque  to  this 
radiation.  dj:periments  in  pure  nitrogen  revealed  no  absorntion,  while  similar 
runs  in  nure  oxygen  show  a  structured  absorption  alir.ost  identical  with  that  in 
the  shock-heated  air.  Goraparison  of  the  structure  in  both  cases  with  published 
oxygen  erlssion  data  have  established  unaiabiguously  that  e^ccited  molecular 
oxygen  is  by  far  the  chief  contributor  to  the  absorption  of  heated  air.  as  a 
result  of  this  nredominant  role  of  oxygen  in  the  determination  of  the  optical 
nronei’ties  of  air,  the  emphasis  of  the  research  v:as  shifted  to  a  basic  study 
of  the  absorptive  properties  of  the  ox^'^gen  molecule.  This  study  is  being 
sponsored  by  the  Air  Force  Office  of  Scientil'ic  Research.  Transition 
probabilities  for  several  vibrational  bands  in  oxygen  have  oeen  obtained 
which  enable  their  contribution  to  the  absorption  and  end-ssion  of  air  to 
be  calculated  for  any  arbitrary  conditions  of  temperature  and  density, 
including  those  unattainable  in  the  iaboratoip/. 

Jlide  3:  It  may  oe  emnhasized  that  this  discussion  relates  only  to  transitions 
of  the  Schumann-Funge  system  in  molecular  oxygen  from  high  (  8  -  IG  ) 
vibrational  levels  of  the  'p:ound  electronic  state  to  the 0-2  levels  of  the 
upper  electronic  state.  The  normal  vacuum  ultraviolet  absorption  of  cold 
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oxygen,  which  takes  place  fror'i  the  lowest  vibrational  level  of  the  ground 
electronic  state  has  been  studied  by  dichtbumand  Pleddle  (?roc.  Roy.  Soc. 

A  226,  509,  195U). 

Let  us  consider  some  of  the  factors  involved  in  the  r.tsasurement  of 
transition  probabilities* 

Slide  U;  Siven  a  layer  of  gas  of  thickness  d  upon  vjhich  radiation  of 
intensity  is  incident,  what  can  be  said  of  the  intensity  of  the  tranc- 
nitted  beam?  K  we  consider  two  energy  levels  of  the  molecules,  1,  2,  bet.icen 
which  transitions  can  occur,  one  ^lould,  in  general,  expect  energy  to  be 
removed  from  the  beam  at  the  wavelength  xniich  corres  '-onds  to  the  energy 
difference  of  the  levels  involved.  In  an  absorption  spectrum,  this  ’would 
give  rise  to  a  line  of  decreased  intensity  at  the  corresoonding  wavelength. 

The  expression  for  the  transmitted  intensity  is  given  by  the  usual 
Beer's  Law,  where  we  see  it  is  proportional  to  the  incident  intensity  and 
to  the  normal  exponential  attenuation  factor.  Here  d  represents  the  path 
length  through  the  gas,  the  number  density,  particles  ner  cm  ,  which  are 
in  the  loiirer  state  1,  and  d  is  an  absorption  coefficient  ^rhich  is  related 
to  the  probability  for  the  occurrence  of  an  absorbing  transition.  It  is 
represented  as  a  function  of  A,  since  in  general  the  absor-otion  lines  are 
of  finite  width.  The  line  width  and  shaoe  is,  in  fact,  dependent  on  the 
thermodynamic  state  of  the  gas.  In  general,  the  lines  broaden  with  an 
increase  in  temperature  and  density  in  a  kno^m  manner.  It  should  be  stressed, 
hovrever,  that  the  integral  of  oc(A)^A  over  a  given  line  is  a  fundamental 
molecular  constant  for  the  particular  transition.  It  was  in  fact  the  ineasure- 
ment  of  this  quantity  which  constituted  the  research  nroblem. 

The  quantity  is  obtained  by  calculating  the  Boltzman  distribution 

of  molecules  for  the  energy  levels  involved,  being  given  the  equilibrium 
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conditions  of  the  tempera . -l  i.  and  density  of  the  gas.  Two  points  nay  be 
mentioned  here.  First,  it  is  just  this  factor  which  gives  rise  to 

the  fact  that  oxygen  at  room  ten^jerature  is  completely  transparent  to 
ultraviolet  radiation,  while  heated  oxygen  is  strongly  absorbing. 

The  transitions  which  correspond  to  these  energies  take  place  from 
high-lying  vibrational  levels  of  the  oxygen  molecule, b-l8.  At  K, 

one  molecule  in  every  hundred  is  in  the  (3th  vibrational  level,  v/hile  at 
room  temperatures  the  ratio  is  1  in  10  In  terns  of  path  length,  the 
same  absorption  by  1-|  inches  of  gas  at  ii500°  K  would  require  at  room 
temperature  a  oath  length  measured  in  light  years.  The  overall  absorption 
is  thus  very  sensitive  to  temperature  through  the  strong  temperature 
dependence  of  N^, 

The  second  point  is  that  it  is  in  the  evaluation  of  that  the  shock 
tube  comes  into  its  own  as  a  device  for  the  thermal  excitation  of  gases 
for  spectroscopic  work.  As  mentioned  earlier,  these  transitions  are  of 
importance  only  in  the  heated  gases,  since  only  then  does  the  population 
factor  become  large  enough  to  make  the  absorption  measurable.  The  usual 
arc  and  spark  means  of  gaseous  excitation,  while  producing  a  sufficient 
temperature,  are  not  as  suitable  for  these  studies.  Such  sources  are 
generally  not  in  complete  equilibrium,  rendering  the  calculation  of 
difficult,  and  also  contain  large  temperature  variations,  so  that  an 
estimate  of  the  pathlength  d  is  poor.  In  the  shock  tube,  hovjever,  the 
length  d  is  accurately  defined  by  the  inside  dimensions  of  the  tube,  and 
the  gas  contained  therein  has  been  uniformly  brought  to  a  high  equilibrium 
temperature.  One  condition  on  shock  tube  applicability  is  the  short  dura¬ 
tion  (of  about  100  microseconds)  for  these  equilibrium  conditions  during 
which  the  spectrum  must  be  recorded.  The  intensity  of  the  light  source 


must  be  compatible  with  the  optical  soeed  of  the  inotrunentation  to 
produce  viorkable  density  levels  on  the  photographic  plate. 

'fhe  measurement  of  the  absorption  vras  made  using  the  techniques 
described  earlier  in  the  absorption  work  in  heated  air.  Several 
modifications  were  however  reqiiired.  Since  it  is  the  integral  o,-^  the 
area  under  the  absorption  curve  that  constitutes  the  data,  it  is  most 
important  that  the  snectral  line  shape  be  recorded  with  high  fidelity. 

It  is  clear,  that  the  effective  slit  width  or  "windo;j  function"  of  the 
instrumentation  vrhich  essentially  scans  the  line  must  be  small  compared 
with  the  line  width.  A  large  Littrovi  quartz  spectrograph  w’ith  high 
dispersion  was  therefore  used  to  photograph  the  spectra.  .Ind  here  again 
the  shock  tube  proves  itself  useful,  since  the  gas  can  be  excited  at 
high  densities.  The  collision  broadening  of  spectral  lines  increases 
directly  with  the  density,  and  so  the  lines  can  be  purposely  broadened 
to  produce  a  more  favorable  ratio  of  line-to-slit  vjidth. 

Slide  5;  is  a  section  of  the  photographed  spectrum  and  depicts  a 
typical  absorption  band  of  the  Schumann-Aunge  system  in  heated  oxygen, 
together  vrith  the  corresponding  densitometer  trace.  This  particular 
band  consists  of  rotational  transitions  (between  323O  and  3370  Angstroms) 
of  the  0,13  vibrational  levels.  As  was  demonstrated  in  the  previous  slide, 
these  transitions  take  place  from  the  thirteenth  vibrational  level  of  the 
ground  electronic  state,  to  the  zeroth  level  of  the  upper  state.  The 
general  nattire  of  the  band  consists  of  the  pairs  of  rotational  lines  which 
comprise  the  P  and  R  branches  of  the  band.  At  the  right  of  the  photograph 
is  visible  the  head  of  the  next  (0,lit)  band,  while  at  the  left  are  the 
lines  which  comprise  the  tail  of  the  0,12  band.  The  small  isolated  lines 
which  sometimes  appear  between  the  pairs  of  the  0,13  band  are  due  to 


overlapping;  v;ith  the  orececiing  band. 

It  may  be  pointed  out  here  that  the  envelope  of  the  absorption 
maxima  actually  oortrays  the  Boltzmann  distribution  of  the  population  of 
molecules  in  the  lower  levels  of  each  transition.  This  can,  in  principle 
be  used  to  determine  the  rotational  temperature  of  the  gas.  However,  at 
these  temperatures  the  shape  of  the  envelope  is  not  a  sensitive  function 
of  the  te'iperature,  so  that  the  intensity  distribution  of  a  single  band 
does  not  readily  afford  an  accurate  thermo;neter  for  the  gas, 

Th.e  degree  of  resolution  is  evidenced  by  the  separation  between  the 
pairs  of  lines.  For  P  =  h7  and  R  =  51  the  separation  is  about  one  Sngstrom, 
If  the  density  is  increased  to  8  or  10  atmospheres  the  lines  broaden  to  the 
extent  that  many  of  the  line  pairs  coalesce.  At  this  point  the  line  x-Jidth 
is  about  8  times  the  effective  slit  width,  which  results  in  a  good  determi¬ 
nation  of  the  line  shape, 

lieasurements  have  been  made  of  the  (0,13)  (0,lii)  bands  of  this 

system  under  varying  conditions  of  temperature  and  density.  The  last 
slide  presents  the  results. 

Slide  6;  Properly  weighted  areas  under  the  lines  were  measured  for  various 
transitions  of  each  band  and  plotted  as  a  function  of  their  energy.  A  more 
detailed  description  of  this  mamier  of  data  presentation  is  given  in 
Appendix  1,  In  a  graphical  representation  of  this  type,  the  points  should 
lie  on  a  straight  line.  The  intercept  at  E  =  0  yields  a  constant  from 
which  the  transition  probability  can  be  extracted. 

In  the  graph  shown  here,  both  the  (0,13)  and  O-lU)  bands  are  presented, 
'The  difference  in  the  intercepts  corresponds  to  the  difference  in  the 
respective  transition  probabilities.  The  slope  of  the  lines  in  this  graph 
is  -1/KT  and  hence  is  specified  Ipy  the  gas  temperature.  In  the  present  case 


the  scatter  of  the  data  limits  the  a-^reement  i-rith  gasdyna;:iically  calculated 
temneratures  to  lOf^.  This  scatter  is  due  in  large  nart  to  the  fact  that 
all  transitions  were  directly  jrcluded  in  the  graoh,  There  in  fact  the 
contribution  of  the  higher  rotational  levels  of  an  overlanping  adjacent 
band  should  be  subtracted  fron  the  lines  affected,  a  reduction  in  the 
scatter  would  nennit  a  separate  determination  of  the  slope. 

The  spread  in  the  value  of  the  transition  probability,  using  the 
calculated  temoerature  is  about  I5ia  and  represents  a  precision  accentable 
in  this  field  of  work.  The  f  values,  a  measure  of  the  transition 
probabilities,  are  ,006  for  the  (0,13)  and  .00$  for  the  (0,llj)  bands. 

These  f  values  are  defined  as  the  ratio  of  the  measured  absorntion  to 
the  absorption  calculated  for  a  classical  electron  oscillator.  It  is 
these  values  which  constitute  the  constants  for  these  transitions  of  the 
oxygen  molecules,  and  from  vzhich  both  the  absorption  and  emission  by 
oxygen  can  be  determined  for  any  pathlength  underany  thermod;i'naiTi:'.c 
conditions. 

V/ith  the  work  >76  are  doing  at  the  oresent  time,  we  hone  to  nrovide 
transition  nrobabilities  for  some  20  bands  of  the  Schumann-kunge  system  of 
oxygen.  These  bands  lie  betvjeen  the  vacuum  ultraviolet  limit  and  the 
visible  vravelength  regions,  and  comprise  the  chief  absorbing  system  in 
O2  therein.  Plotted  on  a  graph  such  as  this  the  extension  over  many  bands 
will  yield  an  accurate  measurement  of  the  rotational  temperature,  and  serve 
as  an  independent  spectrographic  check  on  the  temyierature  obtained  by  shock 
wave  calculation.  And  in  some  cases  vihere  tiie  teraperatures  are  not  readily 
calculable,  calibrated  r.sasurements  can  not;  be  made, 

an  conclusion  I  vrould  lilce  to  point  out  the  further  applicability  of 
these  findings  in  t^ro  other  research  fields.  One  is  in  the  area  of  chemical 
kinetics,  whicla  is  concerned  with  the  dissociation  and  recombination  tines 


01  radicals  and  i-iolecules  and  ';itu  Uie  detcriuination  of  reaction 
nechanisns.  Consider  for  exajnole  the  absorption  snectrur;  of  an  o:cyL.'en 
reactin';  miacturc  talcen  in  a  smll  interval  of  tiiac,  the  order  of  rf.cro- 
seconds.  T'ne  stren^jth  of  the  absorption  ic  neaEaired  fro.  the  photo,  :ranhic 
plate  and.  since  the  transition  probability  is  noi:  .cnown,  one  t>ien  directly 
obtains  the  population  of  the  various  vibrational  levels  of  the  nolecule. 

Hot  only  can  vibrational  relaxation  tl’nes  be  verified,  but  the  role  of 
ox^’i^en  in  a  flaiae  or  combustion  reaction  cau  be  established. 

finally,  th.e  ability  to  measure  quantitatively  the  population  of  the 
molecules  in  vibrational  levels  suy  erts  the  use  of  flash  absorption 
spectroscopy  for  the  determination  of  the  decree  of  e'quilibrium  in  hayier- 
sonic  flovrs.  In  shock  tunnels  and  nozzles  the  flovr  fields  and  boundary 
layers  can  be  probed  optically  and  the  state  of  the  :;as  naoned  tliroughout 
the  configuration. 

In  the  liyht  of  these  considerations,  it  appeal's  that  the  neasurenent 
of  molecular  transition  probabilities  has  direct  application  to  the  iiroblems 
of  h;/'personic  aerodjuiaraics. 
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ii: 


\r  c;; ■’CTi:'i(;nt  li  ■’'.'.ntity  ;.;Gaj;ured  iron  the  olioto  re.  ''hlc  niaLc  is 


tlie  "irof^uct  ■  defined  ty  tl;c  equation 


X  -  x.e 


-  A/,  cH^>)  I 


’"here  I  .url  are  Vic  -.neifent  and  trans''dttcd  ■  eaii  intensities  tlirouqh 

0 

a  "'.ayor  o"'’  as  of  t’lickness  d.  is  the  number  of  "larticles  oer  cubic 
crnti'ictor  in  the  ioi'er  s  bate  of  the  transition  invoived  and  OC  is  an 
absorntion  coef ’icient.  V  is  t’le  nave  nianber  in  reninrocal  ccntiicters . 

oesiqnatin,,  t'sie  rotational  and  vibrational  •;;uantuur'i  nunbers  of  tb.e 
ioi’or  state  07  1'”  andv"  reincctivel;;,  anc’  tliosc  o  b’u-  uiqcr  state  by 
K'  ‘  r.d  v’ ,  the  iieasurru  intc.^^rated  absorotion  coei.  icient  .’’or  a  single 
rotational  line  can  be  rritten 


f  N/ .  . 


snectrai  lines  are  aomally  '•’esiqnatec.  according  to  the  value  of  ; 
"]he  selection  r-des  for  C limit  vlic  values  of  to  h*=r."-l  (?  brai'chj 

L. 

and  h’=h"+l  (ii  branc  ).  fius  ad  in;,;  t^.e  contributions  fro;,  tlie  and  h 


brasiches  for  jiven  bi'  amounts  to  siivumi.  over  all  values  of  i'f  .  This 
sunriation  o:‘  the  integrated  absor-^tion  coefficient  is  then  nronortional 
to  the  nuinbc.r  -’ensity  of  .noleculec  in  the  lo,:cr  (K'.'v'O  level  of  the 
transition  and  to  the  nrobability  of  the  occurance  of  an  absorbing 
transition  fx’o;''.  the  loirer  to  .he  unner  vibrational  level.  In  terns  of 


the  f  value  for  i:he  tran.sition  the  e.-uiation  is 


?  K-  ■< 


kV%  k  V 


f  f''"  IS/  (ilii  P 
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xrhere 


TTg*^  _  X  to 

/me* 

-  number  of  oyrjren  molecules  per  cubic  centimeter 
=  rotational  deijeneraev  factor 

=  oartition  functions  for  rotation,  vibration,  resnectively 
Jl  =  Boltzmann  constant. 


r  = 


absolute  temnerature,  K 


r 

~  ^  value  for  the  Sch\iinann--'.an;;e  transition  from  v"  to  vA.  . 
This  transition  orobability  is  independent  of  Id'. 

dearranging  the  equation,  and  taking  the  logarithm  of  both  sides 

J/V,.v  -  if 

The  usual  method  of  handling  these  data  is  to  clot  the  left-hand  side  of 
the  equation  vs  .  It  can  be  seen  that  this  should  yield  a  straight 
line  with  slone  equal  to  -  /^r  and  the  intercept  of  the  line  at 
~  O  gives  the  f  value  for  the  transition.  In  the  graph  of 
figure  6,  all  energies  were  measured  relative  to  the  j'"=0  level  of  the 
(0,13)  band,  so  that  the  data  from  both  the  (0,13)  and  (Ojlli)  bands  are 


shown  on  the  same  graph. 
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XENON  LAMP 


FIGURE  1 


EMISSION  AND  ABSORPTION  OF  AIR  AT  4380  -K 
p  «4.0/?,  IN  THE  NEAR  ULTRAVIOLET 

FIGURE  2 


ENERGY  (CM“') 


Figure  #3 
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Figure  #6 
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Generation  of  Pressure  Wave  Forms 

Through  the  Detonation  of  Explosive  Charges 

D.  C.  Anderson 

CHAPTER  I 
INTRODUCTION 

This  study  investigates  the  general  behavior  of  shock  waves  generated 
through  the  detonation  of  high  explosive  charges.  The  analysis  in  particular 
is  concerned  with  one  dimensional  flow,  that  is  shock  waves  propagating 
down  a  unit  cross-sectional  area  channel.  It  is  also  limited  to  shock  waves 
with  shock  front  overpressures  (i.e.,  pressures  immediately  behind  the  shock 
front)  of  ten  atmospheres  or  below.  With  these  limits  and  restrictions  it  is 
seen  that  this  study  confines  itself  to  shock  waves  which  may  feasibly  be  gen¬ 
erated  in  a  shock  tube. 

The  analysis  is  similar  to  that  previously  made  for  calculating  total 

t 

energy  yields  for  atomic  bombs.  >  However,  in  this  case,  because  of  the 
limits  and  restrictions  placed  on  the  study  the  end  result  is  different  and 
yields  far  more  information.  The  analysis  leads  to  shock  strength- scaled 
distance  and  shock  strength- scaled  time  decay  curves,  where  shock  strength 
is  defined  as  the  shock  front  overpressure  to  ambient  pressure  ratio.  It  also 
yields,  under  the  assumptions  made  considerable  insight  into  the  behavior  of 
the  gas  flow  variables  behind  an  explosive  generated  shock. 

The  laws  of  conservation  of  mass,  momentum,  energy  governing  the  flow 
are  all  employed  and  satisfied  in  carrying  out  and  completing  the  analysis. 

With  these  results  an  approximate  method  is  developed  for  generating 
various  desired  pressure  pulses. 

♦For  all  numbered  references  see  bibliography. 
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CHAPTER  II 

DISCUSSION  OF  THE  PROBLEM 


A  sketch  of  a  typical  distance-time  curve  for  a  shock  wave  propagating 
from  a  zero  origin  is  presented  in  Figure  1.  The  figure  shows  the  shock  front 
distance  R  as  a  function  of  t,  time,  and  also  a  typical  particle  position  r^  as 
a  function  of  time.  This  figure  will  be  referred  to  periodically  throughout  the 
analysis  for  a  better  understanding  of  the  presentation. 

The  Space  Density  Distribution 

The  study  begins  with  the  assumption  of  a  density  distribution,  namely 


P(r)  =P, 


r.  (t) 


R(t) 


q(t) 


(1) 


where  p  is  the  gas  density  behind  the  shock  at  a  distance  rj  from  the  origin, 

Pg  is  the  gas  density  at  the  shock  front  distance  R,  andq  is  a  function  of 
shock  front  conditions  to  be  determined  by  considering  conservation  of  mass. 

At  a  fixed  time,  t,  Eq.  1  depicts  the  spacial  density  distribution  behind  the 
shock. 

Justifications  for  such  an  assumption  on  the  density  distribution  are:  (1) 
it  is  known  that  the  density  is  some  monotonically  decreasing  function  with 
the  distance  behind  the  shock  front,  (2)  the  observed  density  distribution  is 
closely  approximated  by  this  power  law,  and  (3)  it  yields,  as  will  be  shown, 
results  which  are  in  agreement  with  experimentally  gathered  data.  The  fact 
this  assumption  requires  that  the  density  go  to  zero  at  the  origin  is  in  all 
probability  its  main  error.  However,  in  reality  the  density  very  nearly  goes 
to  zero  at  this  point  for  shock  front  overpressures  of  two  atmospheres  or  above. 
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Fig.  1.  Sketch  of  a  Typical  Distance  Time  History  of  a  Moving  Shock  Wave 


The  difference  is  negligible.  For  weaker  shocks  the  assumption  is  still  good 
but  not  as  accurate. 

The  value  of  q  will  now  be  determined  by  considering  the  conservation 
of  mass  law  from  the  origin  out  to  the  shock  front  distance  R.  This  states 

p  dr  =  p  R 
‘'o 


for  a  constant  time,  where  Pq  is  the  ambient  gas  density.  Substituting  the 
value  of  P  from  Eq.  1  into  the  above  integral  and  integrating  results  in 

PgR 


- .  =  R 

q  +  1  o 


Solving  this  equation  for  q  gives 


q  =  -  1  =  -  1 


(2) 


where  is  the  ratio  of  densities  across  the  shock  front. 


Space  Particle  Velocity  Distribution 

Conservation  of  mass  is  again  employed,  but  this  time  the  mass  from  the 
origin  to  a  particular  particle  path  is  considered  (see  particle  path  r^{t)  in 
Figure  1).  This  gives  the  integral  equation 

J  pdr=p^Rj 

o 


where  Rj  is  the  particle  distance  before  the  shock  engulfs  it.  Using  Eq.  1 
and  integrating  gives 


q  +  1  q  +  1 
where  Eq.  1  is  again  used  after  integration. 


=  '’oRi 
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Next  the  substantial  derivative, 

D  = 

Dt  at  ar 

dr 

where  u  is  the  particle  velocity  and  is  equal  to  ^ ,  of  the  above  integration 

result  is  formed.  This  gives  after  simplification 

Dp  ,  pu  _  p  d(q  +  1)  _  0 
r  q  +  1  dt 

The  one  dimensional  conservation  of  mass  equation 

Dt  ar  ^ 

is  combined  with  the  above  equation  to  give 

^  t  d(q  +  1) 

ar  ~  r  ■  q  +  1  dt 


The  solution  is  readily  obtained  with  the  substitution  u  =  ry  and  integrating 
with  respect  to  r  at  a  fixed  time.  The  solution  is 


u  _  __  1 

r  “  ”  q  +  1 


<i(q  1) 

dt 


In  r  +  A(t) 


where  A(t)  is  the  constant  of  integration  which  may  be  function  of  time.  At 


the  shock  front  the  solution  becomes 


^s  _  1  d(q  +  1) 

R  ~  '  q  +  1  dt 


In  R  +  A(t) 


where  u^  is  the  particle  velocity  at  the  shock  front.  From  this  equation  the 
value  of  A(t)  is  evaluated,  and  the  final  particle  velocity  distribution  may  be 


expressed  as 


U  =  U,(i)  [l  -  .(t)  in  (i)' 


(3) 


wH.»re 


This  value  of  a  may  be  simplified  considerably  as  follows: 
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R.  1  d(q  +  1)  _  R  1  tins  dR 
Ug  q  +  1  dt  Ug  Tjg  dR  dt 

_  U  R  %  R 

-  Ug  I7g  dR  -  rjg  -  1  ‘  ;7s  dR 

_  d  In  ( ?7s  -  1) 
d  InR 

where 

U  =  ^  (shock  propagation  velocity) 


and 


iL  = 

from  the  Ranidne-Hugoniot  relation®  obtained  from  the  conservation  of  mass 
across  the  shock  front. 


Space  Pressure  Wave  Form 

The  conservation  of  momentum  equation  states 

ar  ■  ^  Dt 

where  P  is  the  absolute  pressure. 

The  space  pressure  wave  form  may  now  be  found  by  considering  the  fol¬ 
lowing  integral  at  a  fixed  time. 


P  =  r^dr  =  -  dr 

Jar  J  ^  Dt 

The  quantities  in  the  integrand  on  the  right  may  be  found  either  directly  or 
derived  from  Eqs.  1  and  3. 

In  forming  the  substantial  derivative  ^  all  of  the  quantities  appearing 
in  the  expression  for  particle  velocity,  Eq.  3,  are  functions  of  time.  The 
derivative  is  thus  formed  and  combined  with  the  density  expression  to  give 
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the  above  integrand.  The  integrand  contains  such  expressions  as  ^ ^ , 
da 

and  which  are  all  rewritten  as  follows 

dr 


dr  / 

dt  =  “  -  “s  (■ 


1  -  0/  In  — 


dt 

dt 

da 


=  U 


=  U 


du 


s 


UgU  d  In  Ug 


dR  R  d  In  R 
da  _  aU  d  In  a 


dt  ^  dR  R  d  In  R 
With  the  integrand  expressed  as  a  function  of  r  the  integration  is  per¬ 
formed  and  the  constant  of  integration  is  evaluated  at  the  shock  front.  The 
resulting  pressure  wave  is 
P(r)  -  P, 


Ps(R)  -  Pq 


=  1  -  K  + 


i) 

K  Lln(^) 

+ 

fin /I'll 

2 

\R/ 

\R/ 

1 

1  \R/J 

(4) 


where  Pq  is  the  absolute  ambient  pressure,  and  Pg  is  the  absolute  pressure 
immediately  behind  the  shock  front.  The  quantities  K,  L,  and  M  are 
parameters  dependent  on  shock  front  conditions  only.  Their  values  are 

/  \  /  _  I  \  2 


K  = 


L  = 


+  1 


a 


a 


a 


^s 


+  1 


1  1  ^  ^  (1  -  V  -  2^s)  +  -^-71 


J7s(^  +  -T-  “  +  »7s  -  2 


^s 


+  1 


lur  -  1  2 

M  =  -  - 7-  a 


+  1 


where 
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The  Total  Shock  Energy  Yield 


The  total  shock  energy  yield,  W,  manifests  itself  in  two  forms:  (1)  the 
kinetic  energy,  Ej^ ,  given  by 

f  (l/2)pu2dr 

*0 

and  (2)  the  internal  energy  increment,  Ej ,  given  by 


For  ideal  gases  the  internal  energy  is  known  to  be  a  function  of  state  only, 
and  hence  the  internal  energy  per  unit  volume  can  be  written  as  e  PV ,  where 
e  is  at  most  a  function  of  state,  and  not  of  process.  Here  V  represents 
specific  volume.  For  a  stream  tube  of  unit  cross  section,  the  specific  vol¬ 
ume  is  numerically  equal  to  the  length  of  the  tube  enclosing  a  unit  mass  of 
fluid.  Hence,  the  above  expression  represents  the  change  in  total  internal 
energy  of  the  fluid  from  the  origin  to  the  shock  front.  It  can  be  shown  from  ther¬ 
modynamic  considerations  that  t  =  >  whether  or  not  y  ,  the  ratio  of 

specific  heats  of  the  fluid,  is  a  constant. 

Over  the  range  of  pressures  considered  in  the  present  analysis,  y  is 
known  to  be  substantially  constant  at  the  value  1.4;  then  ^  =  5/2. 


Using  the  values  of  p  and  u  given  by  Eqs.  1  and  3  respectively,  the  inte¬ 


gral  for  kinetic  energy  may  be  evaluated  readily.  It  gives 

R 


2a 

l-i  “  \ 

L 

V  ""  Vs  ^  2) 

Likewise,  employing  Eq.  4  the  integral  for  the  internal  energy  increment  is 
found  to  be 


El  =1  (Ps  -  Po)R 


1  -  K  + 


K 


2  + 


2M 


rjQ  +  2  (T?g  +  2)  (i7s  +  2)  J 


adding  the  two  e}q)ressions  and  using  the  conservation  of  momentum  across 
the  shock  front  to  simplify  the  equation  results  in 


W  =  +  Ej  =  1  (P3  .  Po)R 

r 

K 


+  5  M  -  K  + 


%  -  ^ 
Vs  +  2 

L 


1  + 


2a 


%  +  2 


1  + 


a 


77s +  2 


2  +  3 


77s  +  2  +  2)  (77  +  2) 


(5) 


Equation  5,  as  will  be  shown,  is  a  second-order  differential  equation.  It 
must  be  revised  in  form  in  order  to  be  solved.  First  the  following  are  defined 


and 


^  (shock  strength)  = 
^  (scaled  distance)  = 


£s 

Po 

PqR 

w 


X  (^  R) 


din  (I  -  1) 
d  In  R 


Using  the  first  and  last  definitions,  and  employing  the  Rankine-Hugoniot  rela¬ 
tions  between  p,  u,  and  P  at  the  shock  front,  it  is  found  that 

a  ^  d  In  (77s  -  1)  ^  7X 
d  In  R  ~  1+6 


119 


and 


_  din  Us  _  3$  -K  4  X 
d  In  R  "61+1 


,_dlnQi_  dlnX  l-ly 
*^~dlnR~dln(^-l)‘  |+6 

Now  with  the  help  of  the  Rankine-Hugoniot  relations  again,  and  the  above 
values  for  a,  and  4>,  Eq.  5  becomes 

1  _  5(^  -  1)  /Of  ,  fiN  ,  24^2  ^  +  52  X  7(24^2  _  ^  -  46)  „2 

X  -  2(8^+  ^  8^  +  13  ^  (877113)2 -  ^ 

.  7(6  §  +  1)  ^-2  d  In  X 
8  ^  +  13  d  In  (  ^  -  1) 

which  is  of  second  order  and  may  now  be  broken  up  into  two  first-order  equa¬ 
tions  as  follows. 


^  X 

d^  "  X(l  -  1) 

and 

2 

dX  X  "5^V-  ^1)  "  ■"  * 

di  7(6^+  l)(t-  1)  X 

7(24^2  .  125  I  ,  46) 

+  8+13 

7(6  $  +  1)(  §  -  1)  X 

These  two  differential  equations  were  integrated  numerically  on  the  IBM 
650  computer  using  the  Bell  Telephone  Laboratory  LI  interpretive  routine 

3  4 

and  the  R.C.A.  Laboratory  routine  for  the  solution  of  differential  equations.  ’ 
The  R.C.A.  differential  equation  routine  integrates  a  set  of  differential  equa¬ 
tions  numerically  using  the  Milne  method.  The  initial  equation  must  first  be 
written  as  a  system  of  first  order  ordinary  differential  equations.  The  system 
is  then  solved  by  use  of  the  "predictor"  and  "corrector"  equations  of  Milne. 
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The  integration  is  initiated  by  computing  the  first  three  points  by  the  Runge- 
Kutta-Gill  method.  Both  of  these  methods  yield  fourth  order  precision,  that 
is  truncation  errors  of  order  h®,  where  h  is  the  increment  interval. 

The  routine  provides  a  criterion  whereby  the  increment  size  is  altered 
until  the  absolute  value  of  the  difference  between  the  "predictor"  and  "cor¬ 
rector"  values  of  the  solution  do  not  exceed  a  certain  pre- specified  amount. 

_4 

In  the  solution  obtained  this  amount  was  specified  as  29  x  10  . 

The  coding  process  for  the  machine,  when  using  the  differential  equation 
routine,  involved  simply  coding  the  functions  determining  the  differential 
equations.  The  initial  conditions  as  well  as  certain  constants  required  by  this 
routine  had  to  be  specified.  The  solution  was  continued  until  |  -  (1.01  +  h) 
became  less  than  zero.  Initial  conditions  were  taken  from  e:qperimental  data 
gathered  at  the  Air  Force' s  shock  tube  facility  at  Gary,  Indiana,  several  runs 
were  made  using  different  initial  conditions  for  each.  Two  of  these  runs  are 
plotted  in  Fig.  2,  ^  versus  \  .  They  are  represented  by  the  broken  lines;  the 

5 

solid  line  represents  experimental  data. 

The  solutions  given  by  the  computer  for  the  differential  equation  indicated 
that  the  problem  in  some  way  may  be  overdetermined.  This  was  so  indicated 
when  the  computer,  regardless  of  starting  initial  conditions,  tended  to  seek 
out  new  initial  conditions  which  would  yield  a  smooth  solution  procedure. 
Whether  or  not  the  problem  is  overdetermined  is  as  yet  unknown,  but  the 
solution  obtained  is  considered  in  good  agreement  with  experiment. 
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Distance,  k,  Versus  Shock  Strength,  ^ 


Typical  Single  Charge  Wave  Forms 

In  addition,  the  problem  was  set  up  on  the  computer  to  yield  values  of  X 
and  from  which  values  of  a,  ^  K,  L,  and  M  are  easily  computed. 
Table  I  lists  these  values  for  the  range  of  shock  strengths  considered  in  this 
study. 

It  is  now  possible  to  plot  typical  density,  particle  velocity,  and  pressure 
wave  forms  using  Table  I  and  Eqs.  1,  3  and  4  respectively.  Figures  3  through 
8  present  these  wave  forms  for  shock  strengths  of  two  and  three. 

Development  of  a  Time-of-Arrival  Curve 

Until  now  the  analysis  has  been  Independent  of  time,  which  has  thus  far 
appeared  only  as  a  parameter.  Now,  by  further  considerations,  a  shock 
strength- scaled  time  curve  will  be  constructed. 

The  Rankine-Hugoniot  expression  for  shock  velocity 


is  used  to  plot  U/c  versus  ^  (see  Fig.  9),  where  c  is  the  sound  speed  in  the 

region  Immediately  in  front  of  the  shock.  This  curve  is  used  to  determine  an 

average  value  of  U ,  say  U ,  between  two  shock  strengths.  From  the  curve 

of  X  versus  | ,  Fig.  2,  values  of  R  are  extracted  corresponding  to  various  ^ , 

W 

for  example  at  §  =  10,  R  =  0.066  In  this  manner  a  AR  is  found  between 

two  shock  strengths.  This  corresponds  to  a  U ,  and  so  yields  a  At ,  At  = 

Poc(t-ti)  U 

The  time  corresponding  to  ^  =  10  is  assumed  to  be  t  =  tj .  - ^ -  is 

now  plotted  versus  X  ,  shown  in  Fig.  10.  This  curve  is  extrapolated  back  to 
where  X  =  0  to  find  a  value  for  t^ . 
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P  ct 

With  this  value  of  tj,  ^  versus  — ^  is  plotted  and  is  shown  in  Fig.  11. 
The  addition  of  this  time>of-arrival  curve  makes  it  possible  to  find,  if  given 
values  for  any  two  of  the  following,  ^  ,  R ,  t ,  or  W ,  the  remaining  two. 


Table  1.  Single  Charge  Parameters 


1  $ 

at 

K 

L 

M 

IQI 

-  0.854 

i 

-  0.800 

0.099 

0.992 

0.631 

-  0.066 

1.5 

-  0.801 

-  0.729 

0.120 

0.976 

0.496 

-  0.091 

■B 

-  0.762 

-  0.681 

0.130 

0.959 

0.400 

-  0.107 

2.0 

-  0.715 

-  0.624 

0.168 

0.937 

0.275 

-  0.122 

2.6 

-  0.648 

-  0.566 

0.199 

0.891 

0.130 

-  0.133 

3.0 

-  0.614 

-  0.540 

0.218 

0.865 

0.064 

-  0.134 

4.0 

-  0.540 

-  0.494 

0.289 

0.808 

-  0.052 

-  0.125 

5.0 

-  0.477 

-  0.459 

0.393 

0.760 

-  0.131 

-  0.108 

7.0 

-  0.358 

-  0.387 

0.578 

0.665 

-  0.266 

-  0.069 

10.0 

-  0.437 

-  0.557 

-  4.243 

0.442 

1.431 

-  0.112 

Fluid  Density  Distribution  Versus  ( —  )  for  ^ 


Particle  Velocity  Distribution  Versus  (  ^  ]  for  $ 


Particle  Velocity  Distribution  Versus  (  —  )  for  ^ 
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Fig.  10.  Scaled  Distance  Versus  Scaled  Time 


2.0 


CHAPTER  III 

SINGLE  CHARGE  RESULTS  APPLIED  TO  MULTIPLE  CHARGE 
SYSTEM  FOR  GENERATING  DESIRED  PRESSURE  PULSES 

In  retrospect  the  results  obtained  in  this  study  specifically  are;  (1)  a 
shock  strength-scaled  distance  decay  curve,  (2)  a  shock  strength- scaled  time 
decay  curve,  and  (3)  a  complete  description  as  to  the  behavior  of  the  gas  flow 
variables  behind  an  explosive  generated  shock  front,  that  is,  under  the  power 
law  density  assumption. 

Shock  Strength- Scaled  Distance  Curve 

The  first  of  these  results  as  shown  in  Fig.  2  is  considered  in  good  agree¬ 
ment  with  experimentally  gathered  data.  That  the  theoretical  and  the  experi¬ 
mental  curves  do  tend  to  separate  for  the  lower  range  of  shock  strengths  is 
more  than  likely  due  to  the  fact  that  the  assumed  density  distribution  is  less 
accurate  for  low  values  of  shock  strength.  These  two  curves  do  agree  quite 
well,  however,  for  shock  strengths  above  two.  This  result  enables  one  to 
calculate  the  conditions  necessary  to  generate  a  desired  shock  wave.  For 
example,  if  the  distance  and  shock  strength  of  a  desired  wave  are  given,  the 
size  of  the  charge  necessary  to  generate  the  wave  may  be  easily  calculated. 
Shock  Strength- Scaled  Time  Curve 

This  curve,  as  shown  in  Fig.  11,  shows  the  time  decay  history  of  an  explo¬ 
sive  generated  shock  wave.  It  serves  somewhat  the  same  purpose  as  the  shock 
strength- scaled  distance  curve.  With  the  addition  of  this  curve  it  is  now  pos¬ 
sible  to  calculate  the  time  of  arrival  of  any  given  shock.  This  time  decay  his¬ 
tory  also  makes  it  possible  to  calculate  numerically  the  density,  particle 
velocity,  and  pressure  time  distributions  behind  an  explosive  generated  shock 
wave.  With  time  distributions  a  direct  comparison  may  be  made  with  ejqieri- 
mentally  gathered  data. 
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Behavior  of  the  Gas  Flow  Variables  Behind  the  Shock  Front 

Although  this  study  makes  the  calculation  of  the  various  gas  flow  variable 
distributions  behind  the  shock  front  possible,  both  space  wise  and  time  wise, 
it  must  be  remembered  that  this  is  only  under  the  density  power  law  assump¬ 
tion,  Eq.  1.  However,  the  distributions,  some  of  which  are  shown  in  Figs.  3-8, 
do  give  some  indication  as  to  the  expected  behavior  of  these  gas  flow  variables 
behind  the  shock  front.  This  behavior  is  also  supported  by  what  is  experimen¬ 
tally  observed. 

Probably  the  most  significant  result  this  study  brings  forward  concern¬ 
ing  the  behavior  of  the  gas  flow  variables,  is  that  concerning  the  existence  of 
a  positive  pressure  phase  duration  (that  is,  time  measured  from  the  shock 
front  back  to  the  point  where  the  pressure  drops  below  ambient).  Previously 
the  existence  of  such  a  duration  has  been  taken  for  granted,  the  reason  being 
that  it  has  been  clearly  observed  in  the  case  of  a  spherical  shock  wave.  How¬ 
ever,  in  that  case  spherical  divergence  tends  to  emphasize  the  peakedness  of 
the  explosive-generated  wave,  and  therefore  explains  the  existence  of  the 
positive  phase  duration.  In  the  one-dimensional  case  no  such  divergence 
exists  and  therefore  such  a  duration  need  not  exist.  This  is  precisely  what 
is  indicated  in  this  study.  For  very  weak  shocks,  that  is  ^  ~  1,  the  analysis 
does  indicate  that  such  a  duration  is  present,  which  is  to  be  expected  as  the 
overpressure  never  differs  greatly  from  ambient  pressure. 

The  analysis  is  supported  by  experiment  in  that  a  positive  pressure  phase 
duration  is  not  clearly  defined  on  pressure-time  records  taken  in  the  shock 
tube.  Records  taken  at  the  Air  Force's  Gary,  Indiana  Shock  Tube  Laboratory 
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indicate  that  the  pressures  merely  approach  ambient  pressure  asymptotically, 
and  do  not  drop  below. 

With  such  ejqperimental  support  it  is  felt  that  this  analysis  does  give  an 
insight  not  only  as  to  the  over-all  behavior  of  an  explosive  generated  shock 
wave,  but  also  the  behavior  of  the  flow  variables  behind  the  shock  front. 

It  is  with  this  foundation  then  that  the  following  sections  derive  an  approxi¬ 
mate  solution  for  generating  various  desired  pressure  pulses. 

Approximate  Method  Employed  for  Multiple  Charge  Problem 

In  order  that  a  solution  for  a  second  charge  may  be  found,  the  conditions 
set  up  by  the  first  charge  must  be  considered.  It  is  therefore  assumed  that 
the  first  shock  sets  up  a  new  set  of  average  ambient  conditions  given  by  the 
expressions 


These  are  easily  computed  using  the  pressure  and  particle  velocity  wave 
form  solutions  from  the  single  charge.  The  results  are 


P  =  ^  t  -  1)  1  -  K  + 


^s 


L  o  .  2M  o 

(rjg  +  2)  ^  (r?g  +  2) 
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A  new  average  sound  speed  c  Is  defined  by  c  =  Cq  (  ^  ) 


2\  1/2 

The  two  charge  problems  may  now  be  solved.  Suppose  a  ^  is  desired 
at  a  distance  ,  and  is  to  be  followed  by  a  $2  ^  distance  R2 ;  the  charge 

weights  ,  W2  and  the  time  delay  between  the  detonation  of  the  two  charges 
may  be  found  as  follows: 

Wj  (from  X  versus  ^  plot,  Fig.  2) 


Rj  imply  J 


tj  (from 


versus  $  plot,  Fig.  11) 
w 


P  and  u ,  (from  above  equations) 


^2  implies 


^R 

(from  X  versus  ^  plot) 

^2 


(from  versus  ^  plot) 

Wg  W 


*  some  distance  R  corresponding  to  a  shock  of  strength  ^2  moving  into  a 
still  gas,  but  not  equal  to  R2  as  the  gas  in  front  of  second  shock  is  in 
motion. 

Using  the  above  information  and  noting  that 

R«  =  R_  +  u  to 


"  Wo  J  ^2  “ 


.  /'2' 


iW, 


w. 


Solving  for  W2  the  second  charge  weight  gives 


^9  =  75- 

\W. 


(6) 


+  u 


W, 
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from  which 


This  gives  the  time  delay  between  detonations 


At  =  ti  -  t2  (7) 

These  are  the  necessary  parameters  for  generating  the  desired  wave  form. 

It  will  now  be  shown  that  this  method  may  be  e^anded  into  a  solution  for 
an  arbitrary  number  of  charges.  The  assumption  is  made  as  before  that  each 
successive  shock  sets  up  a  new  set  of  ambient  conditions.  For  the  n^^  shock 
these  conditions  are: 


1)  1  -  K 


K _ L  ^  2M 

%  *  ^  +  2)2  {T)^  +  2)2 


1  Pn-l^  (8) 


-  -f  2 

u  =  I 
n  \  4 


)  <“s>a  ^  Vl> 


and 


(10) 


where  the  parameters  ^  K,  L,  M,  and  a  are  all  determined  by  the 

n^  shock. 


The  procedure  consists  of  treating  ^2'  ^2 

above,  thus  obtaining  the  complete  solution  for  generating  waves  one  and  two. 
Next  wave  two  and  wave  three  are  considered.  The  procedure  is  the  same 
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with  the  exception  of  the  computation  of  ,  u ,  and  c .  They  are  computed 
using  Eqs.  8,  9,  and  10.  Likewise  any  number  of  charges  may  be  treated  in 
this  manner.  In  the  following  chapter  the  three  desired  wave  forms  are  con¬ 
structed  using  this  procedure.  The  form  of  the  solution  will  be  more  explicitly 
defined  as  these  individual  cases  are  treated. 

Figures  12,  13  and  14  present  P,  c ,  and  u  respectively  as  a  function  of 
shock  strength.  These  curves  eliminate  many  of  the  computations  Involved 
in  the  multiple  charge  solution  procedure. 

Reliability  of  the  Approximate  Solution 

There  are  several  errors  introduced  by  the  use  of  this  approximation 
solution,  however,  each  error  is  in  itself  compensating  or  has  a  correspond¬ 
ing  compensating  error.  The  errors  are; 

(1)  An  average  u  is  used  instead  of  its  actual  value  at  a  particular  point. 

(2)  An  average  7  is  used  instead  of  its  actual  value  at  a  particular  point. 

(3)  The  above  are  computed  by  assuming  the  shock,  which  sets  up  the 
new  ambient  conditions,  is  at  its  desired  strength  and  position. 

(a)  This  results  in  a  lower  7  than  is  actually  seen  by  the  shock 
wave  following,  and  thus  giving  the  new  shock  wave  a  higher 
shock  velocity  than  it  actually  has. 

(b)  It  also  results  in  a  lower  u  than  is  actually  the  case. 
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It  is  apparent  that  (1)  and  (2),  being  averages,  are  nearly  self- compensating, 
but  they  are  not  entirely  self- compensating  because  they  are  average  values 
over  the  entire  shock  wave  where  as  the  new  shock  travels  only  a  fraction  of 
this  distance. 

This  implies  the  P  and  u  computed  are  too  high,  giving  the  new  shock 
wave  a  lower  computed  velocity  than  it  actually  has,  but  the  correspondingly 
high  u  compensates.  Similarly  (3a)  and  (3b)  compensate  for  each  other. 
Although  the  errors  introduced  by  this  approximation  method  compensate  for 
each  other,  there  is  no  guarantee  that  the  balance  is  perfect. 
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CHAPTER  IV 

SOLUTIONS  TO  THE  THREE  DESIRED  WAVE  FORMS 

It  is  now  possible  to  find  the  charge  weights  and  their  times  of  detonation 
in  order  to  produce  a  series  of  desired  shock  waves  at  a  corresponding  series 
of  desired  distances.  However,  in  the  three  cases  to  be  solved,  shock  strengths 
and  time  durations  are  given,  as  opposed  to  shock  strengths  and  distances. 

This  makes  it  necessary  to  determine  the  relationship  between  §  ,  R ,  and  t^ , 
duration. 

As  shown  in  Figs.  7  and  8  there  is  no  apparent  duration  occurring  for 
one -dimensional  shock  waves;  however,  for  very  weak  shocks  ( |  ~  1)  a  nega¬ 
tive  phase  does  occur  in  this  theory.  The  theory  itself  is  supported  by  actual 
experiment.  Pressure-time  records  taken  at  the  Air  Force’s  Gary,  Indiana 
Shock  Tube  Laboratory  indicate  that  a  duration,  or,  in  other  words,  a  positive 
and  negative  phase,  does  not  occur.  In  most  cases,  however,  the  record 
approaches  ambient  pressure  rapidly  but  asymptotically. 

In  the  case  of  a  spherical  shock  wave  originating  from  a  point  source  in 
a  homogeneous  atmosphere,  spherical  divergence  tends  to  emphasize  the 
peakedness  of  the  explosive-generated  wave.  Decays  of  pressure  in  both 
i^ace  and  time  are  thus  more  rapid  in  this  "three-dimensional"  case,  and 
phases  of  negative  pressure  are  clearly  evident  over  a  wide  range  of  shock 
strengths.  The  conventional  form  taken  for  pressure-time  variations  in 
work  with  high  e^losives  has  been 

'*/‘o 

P(t)  -  Pq  =  (Pg  -  Po)  e  (1  -  t/g. 
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in  which  Iq  is  the  duration  of  the  positive  pressure  phase.  It  is  seen  that  this 
wave  form  decays  in  overpressure  to  one-half  of  the  peak  overpressure  in 
about  one-third  of  the  positive  phase  duration.  The  conventional  "duration" 
for  a  wave  propagating  in  a  constant  area  channel  (shock  tube)  is  thus  calcu¬ 
lated  in  the  present  report  as  three  times  the  decay  time  to  hail  the  peak 


overpressure. 

* 

Now  using  Eq.  4,  it  is  possible  to  find  a  value  of  say  ,  which 

P  - 

corresponds  to - 9  =  0.  5,  for  any  given  shock  strength.  These  values, 

^s  “  ^o 

,  have  been  computed  and  are  presented  as  a  function  of  shock  strength 
in  Fig.  15,  Values  of  particle  velocity,  where  (  are  now  com¬ 


puted  from  Eq.  3  for  a  range  of  shock  strengths.  For  the  same  range  of  shock 
strengths  the  sound  velocity  say  c*,  is  computed  at  the  half  overpressure 
point  relative  to  still  air.  With  this  information  the  following  equation  relates 
the  previously  defined  duration  to  distance: 


or  solving  for  R  gives 

K  =  (U, 

^ "  (r)_ 

The  ratio  of  the  coefficient  of  t^  to  c ,  sound  speed,  is  plotted  as  a  func¬ 
tion  of  shock  strength  in  Fig.  16.  This  curve  may  now  be  used  in  computing 


a  distance,  given  a  shock  strength,  a  duration,  and  the  ambient  conditions. 
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Solution  for  the  Double  Peaked  Wave  Form 


The  simplest  of  the  three  wave  forms  to  be  constructed  is  the  double 
peaked  wave  form.  It  will  therefore  be  treated  first.  The  particular  pressure 
time  form  desired  is  shown  in  Fig.  17. 


Fig.  17.  Double  Peaked  Wave  Form 


Wave  one  is  first  considered.  It  is  noted  that  a  shock  strength,  ^  ,  of  2 

with  a  duration  of  10  milliseconds  is  desired.  Figure  16  gives 

u*  +  c*  1 

- ~  =  2.21 


1 


for  ^  =  2 ,  which  gives 

R  =  2.21  Cq  tg 


=  (2.21)(1117  ft/sec)(0.01  sec) 
=  25  ft 
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L 


Figure  2,  |  versus  X  ,  gives 


X  =  1.25/ft^ 

for  ^  =  2,  and  taking  the  value  of  R  from  above  gives 


X 

R 


^  =  0.05/fr 

(14.7  Ib/in.)^  (ly  in.^/ft^) 
0.05/ft^ 


42,336  ft-lbs 


Figure  11  gives  a  time  of  arrival  for  the  first  shock  wave.  For  ^  =  2 

=  0.7/ft2 


^  0.7/ft^  ^  (0.7/ft^)  10^  msec/sec  ^  msec 
(0.05/ft^)(1117  ft/sec) 


Eol 

W 


With  the  time  of  arrival  known,  the  position  of  shock  wave  one  may  be 
found  at  the  time  the  second  wave  is  at  the  25-foot  distance  (40  milliseconds 
later). 


+  40) 


2.94/ft2 


which  corresponds  to  a  |  =  1.2  and  a  distance  R  =  156. 

The  problem  is  now  in  the  form  in  which  the  approximate  method  may  be 
applied.  The  charge  weight  for  the  first  shock  has  already  been  found,  which 


leaves  only  the  second  charge  weight  and  the  time  differential  between  deto¬ 
nations  to  be  found. 


The  values  of  P ,  u ,  and  c  for  |  =  1.2  are,  from  Figs.  12,  13  and  14 

P  =  1.05  Pq 

u  =  0.04  c 
c  =  1.025  Cq 

This  implies  that  the  second  wave  with  a  ^2  ~  ^  relative  to  Pq  has  for 
purposes  of  computation  a  ^  =  1.90.  From  Figs.  2  and  11,  ^  =  1.90 

implies 

^  6.43  X  10-Vlb 

''^2  P 
and 

i  =  MZg--  =  3.63  X  10"'^  sec/ft-lb 
^2  Pc 

Putting  these  values  into  Eq.  6  gives 

W2  =  3.79  X  10^  ft-lbs 


and  therefore 


13.75  msec 


By  Eq.  7 

At  =  tj^  -  t2  =  (12.5  +  40)  -  13.75  =  38.75  msec 

To  summarize  then,  the  desired  wave  form  in  Fig.  17  may  be  generated 
at  a  distance  of  25  feet  using 

=  4.23  X  10^  ft-lbs 
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and 


Wg  =  3.79  X  10^  ft-lbs 

With  a  time  spacing  of  detonation  equal  to  38.75  milliseconds.  These  are 
the  parameters  for  a  unit  cross-sectional  area  channel. 

The  50-Millisecond  Buildup,  Finite  Rise  Time  Wave  Form 

The  next  shock  wave  to  be  considered  is  the  finite  rise  time  wave  form 
which  builds  up  slowing  to  peak  in  about  50  milliseconds,  and  then  decays  to 
zero  in  another  50  milliseconds.  This  wave  will  be  approximated  by  a  series 
of  six  smaller  shock  waves,  as  shown  in  Fig.  18. 


Fig.  18.  The  50- Millisecond  Buildup, 
Finite  Rise  Time  Wave  Form 


The  first  step  in  determining  the  parameters  which  will  generate  this 
finite  rise  time  wave  is  to  determine  the  distance  at  which  a  duration  of  50 
milliseconds  occurs  for  a  shock  strength  of  two.  Using  Fig.  18 

R  =  (2.205){1117)(0.05)  =  123  ft 


5 


For  wave  one  =  1.167,  which  gives 


From  Fig.  1, 


Xj  *  10/fr 


At  R  =  123 


^1  ^o  ^ 

^  =  0.0813/ft3 


and  at  atmospheric  conditions 

Wj  =  2.61  X  10^  ft-lbs 

Figure  11  gives 


— =  6.2/ft^ 


from  which 


t^  =  68.3  msec 

When  wave  two  arrives  at  the  123-foot  distance,  wave  one  has  traveled 
another  ten  milliseconds.  It  has  therefore  decayed  to  the  following  derived 
shock  strength. 

^  =  7.11/ft^  which  implies  L  =  1.145 

Wi 

This  new  gives  the  new  ambient  conditions  for  the  second  wave. 
They  are,  from  Figs.  12,  13  and  14 

P  =  1.04  Pjj 

uj  =  0.029  Cq 

Cj  =  1.02  Cq 
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Relative  to  the  new  ambient  pressure  the  shock  strength  of  wave  number 


two  is 


t  _  1.33  _  •*  op 
^2  -  04  ■ 


Now  for  ^2  >  Figs.  2  and  11  give  respectively 


Pi  ^1  ^2 
W2 


3.7/ft^ 


Using  the  values  of  P  and  c  in  the  above  yields 


— ^  =  2.5  X  10”^/lb 


Equation  6  now  gives 


^  =  1.48  X  10"®  sec/ft-lb 
Wo 


W2  =  4.82  X  10^  ft-lbs 


and 


‘2  “*2 


f*2\ 

(=p-)  =  70.3,  xo  by  Eq.  7 
Atj^  =  (tj  +  10)  -  t2  =  8  msec 


Next,  wave  three  is  considered,  with  wave  two  setting  up  the  new  ambient 
conditions.  Wave  two  travels  for  an  additional  10  milliseconds  before  wave 
three  is  at  the  123-foot  distance  so  that  it  decays  in  shock  strength.  Its  new 
shock  strength  is,  from  Fig.  11, 


153 


Pi  01^2  llOj  ,  ^  22/1,2 

W2 

Which  implies  ^2  =  1.245.  Again  from  Fig.  11  the  new  set  of  ambient  con¬ 
ditions  is 

P2  =  1.06  Pi  =  1.10  Pq 

U2  =  0.048  Cl  +  Ui  =  0.078  c^^ 

C2  =  1.048  Cq 

Relative  to  the  new  conditions,  the  shock  strength  of  wave  three  is 

«3  =  05  = 


For  ^2 ,  Figs.  2  and  11  yield 


and 


from  which 


Pf)  *^0  0 

=  2.75/fr 

Wo 


Rp  .Q  . 

^  =  1.76  X  10  "^/Ib 
^3 


and 


W3 


^  =  1.000  X  10"®  sec/ft-lb 


Equation  6  gives 


Wg  =  6.66  X  10’  ft-lb 
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and  it  follows  that 


so  by  Eq.  7 

^^2  ~  ^^2  ■  ^3  ~  msec 

By  repeating  this  procedure,  the  remaining  charge  weights  may  be  found, 
and  also  their  times  of  detonation.  The  results  are: 

W4  =  7.52  X  10^  ft- lbs  At3  =  15.8  msec 

W5  =  8.43  X  10^  ft-lbs  At4  =  13.4  msec 

Wg  =  8.83  X  10^  ft-lbs  Atg  =  14.2  msec 

This  completes  the  analysis  for  the  50- millisecond  buildup,  finite  rise 
time  wave  form. 

The  5-Millisecond  Buildup,  Finite  Rise  Time  Wave  Form 

The  final  wave  considered  is  another  finite  rise  time  type.  However,  in 
this  case  the  buildup  time  to  the  peak  overpressure  is  much  more  rapid,  5 
milliseconds  to  peak  overpressure  and  then  45  milliseconds  for  decay  to  zero 
overpressure.  The  wave  is  generated  by  a  series  of  three  smaller  waves  as 
shown  in  Fig.  19. 


Fig.  19.  The  5-Millisecond  Buildup, 
Finite  Rise  Time  Wave  Form 
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The  distance  at  which  a  shock  streng^  of  two  has  a  duration  of  45  milli¬ 


seconds  (from  Fig.  17)  is 

R  =  (2.205)(1117)(0.045)  =  110.8  ft 
Figures  2  and  11  give,  for  wave  number  one,  =  1.33,  respectively 

Xj  =  4.65/ft2 
Pr,  tl  O 

=  3.10/ft2 

^1 

At  R  =  110.8  feet 


0.0420/ft^ 


and  at  atmospheric  conditions 


Wj  =  5.04  X  10^  ft-lbs 

The  time  of  arrival  at  R  =  110.8  feet  for  wave  one  is 


t  = 


3.10/ft 

Zoe 

Wj  o 


66.1  msec 


Wave  one  progresses  for  2.5  milliseconds  farther  before  wave  two 
arrives  at  the  110.8-foot  position.  Its  shock  strength  then  decays,  and  the 
new  value  (from  Fig.  11) 


Po  (tl  +  2.5) 
W 


3.22/ft 


is  =  1.32. 

This  new  ^i  gives  the  new  ambient  conditions  for  the  second  wave. 
They  are,  from  Figs.  12,  13  and  14. 
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P  =  1.083  P, 


u  =  0.06  c. 


c  =  1.041  c. 


Relative  to  these  ambient  conditions  the  shock  strength  of  wave  two  is 

^2  1.083 

For  l2>  Figs.  2  and  11  give,  respectively 


Pi  R. 


=  2.63/lb 


Pi  Cl  t2  _  , 

«*•  ““  A* 


68/ft 


and  knowing  P^  and  Cj  results  in 


Equation  6  now  gives 


R^  -3  / 

^  =  1.147  X  10  ’^/Ib 


^  =  0.628  X  10"®  sec/ft-lb 
^2 


Wg  =  9.32  X  10  ft-lbs 


‘2  =  ’*'2  (Wj  = 
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The  time  differential  of  detonation  is,  from  Eq.  7 

Atj  =  (tj  +  2.5)  -  tg  =  10.1  msec 

Next  wave  three  is  considered  with  wave  two  setting  up  the  new  ambient 
conditions.  Wave  two  travels  for  an  additional  2-1/2  milliseconds  before  wave 
three  arrives  at  the  110.8-foot  distance.  Its  decayed  shock  strength  is,  from 


Fig.  11 


?!  Cj  (t  +  2.5) 

««»  *  x< 


75/ft 


which  implies  |  =  1.525.  From  Figs.  12,  13  and  14  the  new  ambient  condi¬ 
tions  are 

Pg  =  1.143  =  1.24  Pq 

U2  =  0.096  cj^  +  uj^  =  0.16  Cq 
C2  =  1.114  Cq 

Relative  to  these  conditions,  wave  three  has  a  shock  strength  of 

t  _  2.00  _  i  Ci 

h-JM' 

For  this  value  of  Figs.  2  and  11  give 

=  2.275/ft 
'^3 


^2  ^2  ^3 


=  1.43/ft 


Substituting  the  values  of  P2  and  C2  into  the  above  equations  give 
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i 


Equation  6  now  gives 


K  -3 

^  =  0.886  X  iO  Vlb 

^3 


^  =  0.437  X  10"^  sec/ft-lb 
^3 


Wg  =  11.73  X  10^  ft-lbs 


t  =  Wg 

='  ^  VwJ 


^  1  =  51.4  msec 


The  t  between  the  second  and  third  detonations,  by  Eq.  6,  is 

Atg  =  (t2  +  2.5)  -  tg  =  9.6  msec 

This  completes  the  analysis  t:;r  the  third  desired  wave. 

In  the  following  section  the  results  of  these  calculations  will  be  sum¬ 
marized  and  tabulated. 


Tabulated  Results 

In  order  that  the  results  may  be  tabulated  in  a  practical  form,  the  charge 
weights  are  converted  into  feet  of  double -strength  Primacord,  the  explosive 
used  to  generated  blast  waves  in  the  Air  Force's  Shock  Tube  Laboratory  at 
Gary,  Indiana.  Furthermore,  the  lengths  are  calculated  for  both  a  6-foot 
diameter  channel  and  a  2-foot  diameter  channel,  which  corresponds  to  the 
diameter  sizes  of  the  tubes  at  Gary.  These  parameters  are  indicated  in 
Table  E. 
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Suggestions  on  Experimental  Set  Up  for  Multiple  Charges 

The  experimental  procedure  would  involve  arranging  the  charges,  Prima- 
cord,  in  concentric  circles.  They  have  to  be  separated  sufficiently  to  avoid 
sympathetic  detonation,  which  in  the  case  of  Primacord  is  very  rare  even  at 
distances  of  about  one  inch.  The  blasting  c^s  used  to  detonate  the  Primacord 
might  have  to  be  shielded  in  some  way  as  they  are  very  sensitive,  however, 
the  separation  of  the  charges  is  probably  sufficient  so  that  the  only  precau¬ 
tion  necessary  is  insuring  the  mechanical  integrity  of  the  second  charge  until 
the  time  of  its  detonation.  The  time  delay  between  charge  detonations  could 
be  accomplished  with  instrumentation  already  in  existence  which  is  designed 
to  take  pulses,  and  at  prescribed  time  intervals  discharge  pulses.  These 
pulses  then  would  detonate  each  charge  at  the  proper  time. 
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TABLE  n 


I 


CONDITIONS  NECESSARY  TO  GENERATE  THE 
THREE  DESIRED  WAVE  FORMS 


Wave 

Type* 

Distance  at  Which 
Desired  Wave 
Occurs 
(ft) 

Charge 

Number 

Time  Detonated 
After  Preceding 
Detonation 
(msec) 

Length  of  Double - 
Strength  Prima- 
cord 
(ft) 

6-ft  tube 

2 -ft  tube 

1 

25 

1 

0 

43.0 

4.77 

2 

38.75 

38.4 

4.28 

2 

123 

1 

0 

26.5 

2.94 

2 

8.0 

49.0 

5.45 

3 

13.7 

67.5 

7.52 

4 

15.8 

76.2 

8.48 

5 

13.4 

84.6 

9.42 

6 

14.2 

89.6 

9.96 

3 

110.8 

1 

0 

51.2 

2 

10.1 

94.4 

3 

9.6 

119.2 

kB 

*  1  -  double  peaked  wave 


2  -  finite  rise  time,  slow  buildup  wave 

3  -  finite  rise  time,  rapid  buildup  wave 
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ABSTRACT 


This  paper  presents  an  analysis  of  the  relationships  among  gas  flow  vari¬ 
ables  behind  an  explosive-generated  shock  front  advancing  in  a  constant  area 
channel.  A  density  distribution  behind  the  shock  front  of  the  form 


is  assumed,  where  P  is  the  gas  density  at  a  distance,  r ,  from  the  explosion 
source,  and  Pg  is  the  gas  density  at  the  shock  front  distance  R,  also  meas¬ 
ured  from  the  explosion  source.  The  exponent,  q ,  is  determined  from  physi¬ 
cal  considerations.  Application  of  the  principles  of  conservation  of  mass, 
momentum,  and  energy,  together  with  the  assumed  density  distribution  leads 
to  a  particle  velocity  distribution,  a  pressure  wave  form,  and  a  shock  strength, 
scaled  distance  decay  curve.  Values  of  the  flow  variables  at  the  shock  front 
are  of  course  determined  by  the  Rankine-Hugoniot  relations. 

The  analogous  flow  variable  relationships  are  derived  by  an  approximate 
method  for  the  case  where  several  explosive  charges  are  detonated  succes¬ 
sively.  By  employing  this  analysis,  one  may  calculate  the  charge  weights, 
detonation  time  delays,  and  explosion  source  distances  required  to  generate 
pressure  wave  forms  of  various  shapes.  The  calculations  are  presented  for 
three  particular  wave  forms,  including  non-peaked  and  multiple-peaked  cases. 

Substantial  support  was  given  the  analysis  when  the  results  were  com¬ 
pared  with  existing  experimental  data  obtained  at  the  Gary,  Indiana  6-foot 
shock  tube  facility.  This  con^arison  was  only  made  in  the  case  of  a  single 
charge  detonated  at  various  distances  from  the  test  section  of  the  shock  tube. 
At  the  present  time  the  multiple  charge  case  has  not  been  experimentally 
investigated. 

Recommendations  are  made  for  the  multiple  charge  case  on  instrumenta¬ 
tion  systems  and  techniques  which  may  be  used  in  conjunction  with  standard 
shock  tube  apparatus  in  the  experimental  application  of  the  results. 

Work  on  this  paper  was  conducted  on  Armour  Research  Foundation's 
Project  No.  D082-D9  under  Air  Force  Contract  No.  AF  33(616)-2534,  Call  9. 
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Symbol 


c 

c. 


r 

R 

t 

u 

U 

W 

X 

a 


Definition 

Sound  velocity 

Sound  velocity  under  standard  atmospheric  conditions 
Internal  energy  increment  in  a  shock  wave 
Kinetic  energy  in  a  shock  wave 
Parameter  dependent  on  shock  front  conditions 
Parameter  dependent  on  shock  front  conditions 
Parameter  dependent  on  shock  front  conditions 
Absolute  pressure  at  any  point  behind  shock  wave 
Absolute  pressure  in  front  of  shock  wave 
Absolute  pressure  at  shock  front 

Exponent  in  density  power  law  assumption,  dependent  on 
shock  front  conditions  only 

Running  distance  from  shock  origin  to  shock  front 
Shock  front  distance 

Time  measured  from  explosive  detonation  time 

Defined  duration  of  positive  pressure  phase 

Particle  velocity  at  any  point  behind  the  shock  front 

Average  particle  velocity  behind  shock  front  at  a  con¬ 
stant  time 

Shock  front  velocity 
Total  energy  yield 

Logarithmic  slope  of  shock  strength  minus  one  versus 
distance  curve 

Logarithmic  slope  of  density  ratio 
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Ratio  of  specific  heats 

\Jy  -  1  =  Equation  of  state  parameters 
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Scaled  shock  front  distance 
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CRITERIA  IN  THE  SELECTION  OF  MATERIALS 
FOR  HIGH  TEMPERATURE  STRUCTURES 


By 

Wolfgang  H,  Steurer 


1.  Introduction 

As  the  speeds  of  aircraft  and  missiles  increase  and 
the  temperatures  to  which  the  structures  are  exposed  rise 
to  unprecedented  degrees,  considerable  efforts  are  made  on 
the  side  of  structural  design  as  well  as  of  materials  re¬ 
search  to  arrive  at  new  solutions,  entering  an  area  in  which 
the  dividing  line  between  materials  engineering  and  structural 
design  is  less  and  less  distinct.  The  more  carefully  we  analyze 
the  effect  of  extreme  speeds  on  materials,  the  more  complex 
problems  arise,  leaving  us  sometimes  close  to  a  state  of  con¬ 
fusion.  Under  such  uncertain  conditions,  it  is  sometimes  wise 
to  depart  from  detail  and  take  a  few  steps  backward,  in  an 
effort  to  obtain  a  greater  angle  of  view  and  to  better  recog¬ 
nize  the  basic  lines  of  relation. 

2.  Correlation  of  Flight  Requirements  and  Material 

Characteristics 

In  the  first  approach,  we  find  ourselves  faced  with  the 
problem  of  matching  materials  to  the  operational  and  environ¬ 
mental  requirements  of  a  variety  of  vehicles,  with  a  wide  spec¬ 
trum  of  velocities.  To  appraise  the  potentials  of  materials,  it 
appears  to  be  necessary  to  analyze,  in  the  first  place,  the 
requirements  of  vehicles  related  to  the  design  of  materials. 
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Table  1  gives  a  crude  picture  of  the  structural  tempera¬ 
tures  and  times  of  operation  for  high  speed  aircraft  and 
missiles . 

While  the  speeds  of  bomber  and  fighter  aircraft  and, 
consequently,  the  temperatures  are  moderate,  the  number  of 
missions  and  the  duration  of  a  single  mission  as  well  as  the 
total  lifetime  are  comparatively  high.  As  the  speeds  increase, 
e.g.,  in  the  case  of  rocket  aircraft,  the  temperatures  rise 
considerably,  while  the  number  of  missions  and  the  time  of  heat 
exposure  become  smaller.  Missiles,  finally,  encounter  only  a 
single  heating  cycle,  of  longer  duration  in  pilotless  aircraft 
type  or  glide  missiles,  and  of  very  short  duration,  yet  ex¬ 
tremely  high  temperatures,  in  the  re-entry  phase  of  ballistic 
missiles . 

Two  predominant  relationships  are  apparent: 

(1)  As  the  temperatures  in  the  structure  increase, 
the  total  operation  time,  as  well  as  the  duration 
of  a  single  mission,  decrease  from  thousands  of 
hours  to  minutes,  or  even  seconds. 

(2)  At  the  same  time,  the  number  of  missions  decreases 
from  hundreds  to  a  single  mission  of  a  missile. 

The  relation  of  operation,  i.e.,  heating  time  to  speed,  is 
once  more  illustrated  in  Fig.  I-  Even  though  the  single  points 
for  this  diagram  were  obtained  from  a  variety  of  vehicles,  whose 
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operational  characteristics  are  quite  different,  they  form, 
nevertheless,  a  continuous  line  and  the  decrease  of  time  with 
climbing  speed  is  very  distinct . 

If  we  translate  speed  into  temperature,  we  find  a  similar 
relationship  (Fig.  2).  in  that  time  is  inversely  proportional 
to  temperature. 

If  we  turn  now  to  the  structural  materials  and  try  to 
visualize  their  behavior  at  various  temperatures,  we  observe 
that  a  number  of  properties  of  most  materials,  particularly  of 
structural  metals,  become  considerably  time  dependent  at  higher 
temperatures.  The  development  and  proper  selection  of  mater¬ 
ials  for  high  temperature  structures,  therefore,  relies  solely 
on  the  art  of  matching  the  time- temperature  characteristics 
of  materials  with  the  operational  time-temperature  relation  of 
high  speed  vehicles.  The  following  discussion  on  the  selection 
of  materials  for  high  speed  vehicles  is,  therefore,  based  pri¬ 
marily  on  the  aspects  of  time  and  temperature. 

3 .  Design  Principles  for  High  Temperature  Structures 

In  the  application  of  materials  to  high  temperature  struc¬ 
tures,  there  are  two  basic  approaches:  either,  we  design  an 
integral  or,  as  often  called,  hot  structure,  in  which  one  single 
material  provides  strength,  as  well  as  heat  resistance,  or  we 

separate  the  two  functions  of  the  material  in  two  structural 
elements  and  design  a  composite  structure  consisting  of  a  stress 
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carrying  substructure  and  a  heat  protecting  superstructure. 

As  the  substructure  is  now  protected  against  heat,  it  can 
be  designed  for  mechanical  properties  in  a  conventional  fashion, 
while  the  fully  supported  superstructures  no  longer  requires 
any  strength,  except  for  resistance  to  the  local  shear  forces 
of  the  airflow  and  can  be  designed  for  heat  resistance  only. 

This  composite  structure  comprises  the  various  forms  of  therm¬ 
al  protection  systems  which  have  become  the  most  important 
element  of  structural  design  for  high  speed  flight. 

For  the  selection  of  the  most  suitable  material  or  protec¬ 
tion  system,  it  is  attempted  in  the  following  discussion  to  de¬ 
lineate  certain  time-temperature  areas  occupied  by  such  systems, 
and  to  match  them  with  operational  time-temperature  fields,  as 
they  are  once  more  outlined  in  Fig.  .1 . 

4.  Structures  Based  on  the  Principle  of  Heat  Protection 
a .  Conventional  (integral)  Structure 

Let  us  first  look  at  the  time-temperature  field  which 
applies  to  bomber  and  fighter  aircraft.  The  temperatures  are 
comparatively  moderate  so  that  even  at  the  long  operation  times 
of  hundreds  or  thousands  of  hours,  metals  exhibit  enough 
strength,  to  make  a  conventional  integral  structure  weightwise 
acceptable.  As  the  speeds  and,  consequently,  the  temperatures 


increase,  however,  the  integral  structure  based  on  conven¬ 
tional  material  properties  becomes  marginal  weightwise.  At 
this  point,  we  may  remember  that  the  strength  decreases  at 
these  temperatures  rapidly  with  the  time  of  heat  exposure. 

By  the  same  token,  it  can  be  expected  that,  at  the  very 
short  times  of  heat  exposure  connected  with  higher  speed  and 
higher  temperature,  much  higher  properties  are  encountered 
which  would  permit  the  use  of  conventional  structures  to  con¬ 
siderably  higher  temperatures. 

b .  Structures  for  Short  Heating  Times 

In  investigating  this  possibility,  it  appears  appropriate 
to  discuss  the  stability  of  the  strength  exhibited  by  metallic 
materials  at  higher  temperatures,  as  illustrated  in  Fig .  4 .  In 
the  annealed  condition,  in  which  all  major  strengthening  effects 
are  removed,  no  marked  difference  between  long  and  short  time 
properties  will  exist;  the  absolute  strength  is  low,  yet  fully 
stable.  In  a  moderately  heat  treated  condition,  as  commonly 
used  in  engineering,  the  strength  exhibits  a  slight  decrease 
with  time,  indicating  the  beginning  sensitivity  to  heating;  the 
rate  of  softening  is,  however,  so  slow  that  even  at  long  times 
useful  properties  are  retained  and  the  structure  can,  for  all 
practical  purposes,  be  considered  as  stable.  If  we  now  turn  to 
an  extreme  heat  treatment,  the  structure  will  be  so  sensitive 
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to  heating  that  the  strength  drops  almost  Instantly  to  the 
level  of  the  annealed  condition,  in  some  materials  to  even  lower 
values.  In  this  condition,  the  structure  is  too  unstable  to 
produce  any  useful  mechanical  properties  for  even  extremely 
short  times  of  heat  exposure.  If  the  degree  of  strengthen¬ 
ing  is  reduced,  the  loss  of  strength  bee  omes  more  gradual  and 
appreciably  high  mechanical  properties  will  remain  effective  for 
short  times.  If  we  select  for  the  material  assumed  an  inter¬ 
mediate  treatment  producing  an  initial  strengthening  effect 
halfway  between  the  conventional  and  the  extreme  heat  treat¬ 
ment,  the  decline  of  strength  may  require  one  hour.  From 
the  viewpoint  of  conventional  long  time  applications,  the  struc¬ 
ture  would  still  be  considered  as  unstable.  The  treatment  is, 
however,  stable  enough  to  produce  superior  mechanical  proper¬ 
ties  at  very  short  times. 

The  proper  way  of  strengthening  for  short  time  ser¬ 
vice  is,  therefore,  a  treatment  producing  a  metastable  con¬ 
dition,  which  may  be  accomplished  by  any  commonly  used  means  of 
strengthening,  such  as  heat  treating,  precipitation  hardening 
or  cold  working. 

A  typical  practical  example  for  the  effect  of  a 

strengthening  treatment  on  the  timewise  stability  of  the  mechan¬ 
ical  properties  is  shown  in  Fig.  reperesentlng  the  hardness 


characteristic  of  pure  copper  at  short  times  of  heat  ex¬ 
posure  to  750  and  various  degrees  of  cold  working.  While 
the  highly  strengthened  condition  of  80^  cold  reduction  is 
very  unstable,  it  still  produces  high  mechanical  properties  for 
times  up  to  15  seconds.  As  the  degree  of  cold  working  is 
decreased,  the  strength  becomes  more  moderate,  yet  increas¬ 
ingly  stable  to  longer  service  times. 

For  highest  efficiency,  a  definite  treatment  has  to 
be  selected  for  each  service  condition,  l.e.,  for  the  expected 
time  of  heat  exposure. 

In  the  following,  a  few  examples  for  the  usefulness  of 
various  strengthening  treatments  are  presented  in  the  familiar 
strenth-temperature  diagrams.  The  effect  of  cold  working  is 
shown  once  more  in  Fig.  6  for  a  low  allow-high  strength  steel, 
as  it  was  used  in  a  ballistic  missile  now  in  service.  The 
moderate  cold  working  degree  of  the  \/^  hard  condition  pro¬ 
duces  at  temperatures  between  4OO  and  600  for  an  appli¬ 
cation  time  of  1  minute  values,  which  are  40^  higher  than  the 
conventional  properties.  The  effect  of  the  strengthening 
treatment  on  the  short  time  strength  is  even  more  apparent 
in  the  example  of  an  age  hardened  aluminum  alloy  type  2024"T3 
( Fig .  7 )  where  the  15  second  values  reach,  at  higher  temper¬ 
atures,  almost  two  and  one-half  times  the  conventional  strength. 
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In  other  termm,  the  uaeful  temperature  ranine  ia  extended 
by  100  or  alneet  $0f. 

The  name  effect  «ae  obaerTed  tn  other  materiaia  at 
aiu;h  higher  temperaturea.  in  aoae  ateela»  a  proper  treat¬ 
ment  provided,  for  a  time  of  heat  expoaure  of  10  aeeonda, 
naefnl  propertlea  at  temperatorea  up  to  2200  where 
even  aaperalloya  begin  to  loae  their  atreagth  entirely. 

Aa  the  higher  atreagth  of  metala  at  abort  timea 
permita  their  uae  to  higher  t ampere tnrea,  their  effleteacy  ia 
further  lacreaaed  by  higher  amountaof  heat  dlaalpated  by  ra¬ 
diation.  The  Integral  atroeture  may  thua,  la  the  abort  time 
regloo,  be  uaeful  to  temperaturea  way  beyoiwl  the  conveatlonal 
llalta  and  ooeupy  la  the  time-temperature  diagram  the  flelda  In¬ 
dicated  tn  Fla.  8  .  The  C  area  deaotea  the  field  of  the  con¬ 
ventional  atructure  baaed  on  tong  time  propertlea,  while  the 
extended  appiloatlon  to  higher  temperaturea  by  proper  treat¬ 
ment  la  identifted  by  the  field  N. 

5. 

Thla  extenaloa  to  higher  tamparaturea  will,  aa  outMaed, 
be  Halted  to  abort  tbMa  only.  If  we  move  toward  longer  aar- 
vice  timea  at  the  aaae  temperature  level,  aa  It  la  typical  for 
Mgheat  apeed  aircraft,  pUotleaa  aircraft  type  mlaaOea,  or 


Structure#  baaed  on  the  Frindple  of  Heat  Frotectlon 
(iaauiatlon,  Radiation^ 


certain  veraiona  of  booat  slide  vehiclea,  we  nay  attempt  to 
apply  nateriala  of  higher  heat  reaiatance,  such  as  ceranics. 

This  however^  necessitates  In  most  cases  a  composite  struc* 
ture,  since  the  mechanical  and  technological  characteristics 
of  ceramics  are  inadequate  for  an  integral,  stress  carrying 
structure.  Due  to  their  low  thermal  conductivity,  most  cer¬ 
amic  materiais  exhibit  a  steep  thermal  gradient,  rendering 
them  very  efficient  in  protecting  the  stress  carrying  sub¬ 
structure  against  excessive  heating.  Furthermore,  their  high 
melting  or  sublimation  points  permit  the  use  of  high  surface 
equilibrium  temperatures,  at  which  a  considerable  portion  of 
the  heat  input  may  be  dissipated  by  radiation. 

The  amount  of  the  radiant  heat  dissipation  Is  calctdated 
for  a  number  of  common  ceramics  In  Flm^  9  .  It  appears  that, 
even  though  the  emlsstvtties  differ  and  vary  considerably  with 
temperature,  the  effective  heat  dissipation  ranges  within  a 
narrow  band  over  temperature.  The  usefulness  of  ceramics 
for  high  temperature  structures  is  not  so  much  due  to  their 
heat  resistance  and  their  Insulating  value,  as  to  their  effic¬ 
iency  as  heat  radiators. 

A  similar  effect  may  be  achieved  by  other  composite  de¬ 
signs.  FUt^  10  shows,  besides  the  ceramic  structure  at  left, 

a  sandwich  type  structure  in  the  center,  in  which  the  high  sur¬ 
face  temperature  in  the  shieldins  refractory  metal,  protecting 


the  poroue  insulation  against  the  mechanical  forces  of  air¬ 
flow,  is  pemissibie,  since  it  has  no  stress  carrying  function 
and  can  thus  be  used  even  in  the  plastic  state. 

A  fully  metallic  radiation  system  is  systematically  sketched 
at  the  far  right,  consisting  of  a  number  of  highly  reflective 
layers,  under  the  protection  of  a  shield  of  high  emissivity  at 
the  outside  surface.  The  effectiveness  of  such  metaiiic  ra¬ 
diation  structures  may  be  indicated  by  the  following  test  data: 
at  a  gas  temperature  at  subsonic  velocity  of  1300  °C,  the 
temperature  in  the  shield  reached  800  ^C,  while  the  inside 
structural  wall  did  not  surpass  12$  under  equilibrium  con¬ 
ditions  . 

The  suitability  of  metallic  materials  for  radiation  struc¬ 
tures  depends,  of  course,  to  a  great  extent  on  the  timewise 
oxidation  behavior,  and  its  effect  on  the  thermal  surface  pro¬ 
perties  . 

Radiation  systems  permit  the  design  of  structures  for  Ion# 
er  times  of  operation  and  to  temperatures  close  to  the  melting 
or  subilmation  points  of  the  materisis.  They  may,  thus,  occupy 
the  time- temperature  field  indicated  in  Here  we  apply 

in  structural  design  for  the  first  time  the  principle  of  heat 
absorption,  in  which  so  much  of  the  heat  flux  Into  the  surface 
is  absorbed,  that  the  resulting  wall  temperatures  remain  within 
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6.  Structurea  Ba«ed  on  the  Principle  of  Heat  Absorption 
Aa  we  proceed  to  teaiperaturea  beyond  the  netting  and 
aubnilnation  point  a  of  our  nateHaia,  we  wlii  reiy  aoieiy  on  the 
princlpte  of  heat  abaorption.  The  noat  obvioua  way  la  the  uae 
of  a  coolant  in  the  fom  of  a  liquid  fila  or  tranapiration  aya- 
ten.  The  dealgner  wilt,  however,  avoid  auch  functional  neana 
with  regard  to  the  weight  of  cooianta,  contalnera  and  diatribe 
utlng  hardware,  aa  well  aa  for  the  aake  of  reliability,  aa  long 
aa  the  eztreaMly  abort  operation  tinea  of  vehlclea  involved  per- 
alt  the  uae  of  the  akin  naterlal  itaelf  for  heat  abaorption. 
a.  Heat  Sink 

Such  heat  abaorption  nay  be  provided  by  the  themal 
capacity  of  a  aateriai  in  the  aoUd  atate.  In  the  heat  aink 
principle,  a  wall  of  high  themall  capacity  la  dinenaioned  ao  that 
the  tenperaturea  atay  within  pemiaaible  Unita  during  the  heat¬ 
ing  cycle.  The  tine  Unitationa  are  prlnaiily  dictated  by  weight 
conatderatlona,  while  the  tenperaturea  are  United  by  the  nett¬ 
ing  tenperature  of  the  naterlal.  Since  thia  leada  to  conpara- 
tlvely  high  wall  thickneaaea  with  conalderable  load  carrsring 
ability,  it  nay  pemJt  return  to  the  Integral  atructure. 

The  anounta  of  heat  which  nay  be  abaorbed  by  a  number 
of  netalUc  nateriala  are  conpared  in  Table  2.  which  liata  in  the 


second  coiium  the  heat  content  in  the  solid  state  from  room 
to  seltlng  teaperature.  While  some  metals,  as  iron,  molybdenum 
or  magnesium,  have  a  capacity  in  the  neighborhood  of  l60  cal/gr, 
beryllium  appears  to  be  much  superior  with  about  600  cal/gr. 

The  chart  lists  further  in  the  last  3  columns  the  heat  which 
auiy  be  absorbed  if  it  were  possible  to  Include  the  heat  of  fu¬ 
sion,  the  liquid  state,  and  finally  the  heat  of  vaporization  where 
heat  capacities  in  terms  of  thoumands  of  cal/gr  may  be  obtained. 
As  Illustrated  in  the  third  column,  which  represents  the  percent¬ 
age  of  the  heat  content  of  the  solid  state  as  compared  with 
the  total  heat  up  to  and  Including  vaporisation,  only  4  9  per 

cent  can  be  absorbed  in  the  solid  state.  This  indicates  the 
desirability  of  utilising  the  heats  of  fusion  and  even  vaporisa¬ 
tion  in  akin  materials  for  estreme  temperatures.  This  Is  feas¬ 
ible  In  view  of  the  short  times  and  single  mission  of  the  missiles 
Involved  at  highest  tMperstures,  permitting  to  adopt  the  prin¬ 
ciple  of  espendability . 
b.  Ablation 

Since  melting  and  vaporising  commonly  mean  destruction, 
a  way  has  to  be  found  where  these  processes  can  be  controlled 
In  an  orderly  fashion.  In  the  ablation  process,  the  melting  is 
confined  to  a  surface  layer  and  the  material  removed  by  the 
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airflow  aa  aoon  aa  Ita  heat  capacity  la  exhausted,  to  make 
rooai  for  a  new  layer,  thus  leading  to  a  gradually  progress¬ 
ing,  continuous  process.  The  elesents  of  heat  absorption  may 
be  represented  by  the  expression 


Q 


tot . 


^soi.  *  ^aelt  .  *  ®llq,  *  ^vap. 


The  total  heat  of  ablation  say  consist  only  of  the  coablned 
heat  absorbed  In  the  solid  state  and  by  fusion,  or  may  Include 
the  heat  In  the  liquid  state  Q||q  and  even  the  heat  of  vapori¬ 
sation  Qyap.  If  we  Introduce  the  rate  of  ablation  a  in  ce/sec, 
we  can  express  the  heat  flux  absorbed  In  ablation  by 


‘labl.  •  •  •  P  <cPsol.  •  T  ♦  ♦  cpyq  .  T  ♦  Hy) 


cal 


cm  sec 


Due  to  the  high  surface  teeperatures  Involved,  considerable 
additional  heat  absorption  Is  provided  by  radiation,  Identified 
by  the  fastUar  expression! 

<Ir.d.  -  «  •  «  •  ['“/«•  Mc] 


Finally,  the  saterial  say  undergo  endothemic  reactions  In  the 
solid  or  liquid  state,  such  ss  chesdcal  reactions  or  phase 
changes  In  setals,  which  can  also  be  tied  to  the  ablation  rate 
with  the  relation 


‘lER  •  •  *  P  * 


A 


cm  sec 
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The  total  heat  flux  abaorbed  during  ablation  consists  of 


‘Itot.  •  ‘*abl.  ♦^rad,  *  ‘^ER  . 

For  the  developsent  and  design  of  aaterials  for 
ablation,  the  follotdng  requirements  evolve  out  of  the  fore¬ 
going  considerations: 

1)  High  thermal  capacity 

2)  Confinement  of  the  process  to  a  surface 
layer 

3)  Retention  at  the  surface  until  the  heat 
capacity  Is  fully  utilized,  i.e.,  correct 
timing  of  removal 

4)  Uniformity  (retention  of  shape). 

The  first  requirement  of  high  thermal  capacity  has  been  dis¬ 
cussed  sufficiently.  The  second  requirement  of  confinement 
of  the  process  to  a  minute  surface  layer  can  be  best  accom¬ 
plished  by  a  steep  thermal  gradient,  as  shovn  in  Fla.  12.  for 
a  material  A  of  low  thermal  conductivity.  The  majority  of  ma¬ 
terials  of  high  thermal  capacity,  however,  exhibit  a  high 
thermal  conductivity.  This  is  particularly  dangerous  in  view  of 
the  fact  that  moat  metallic  materials  assume  a  viscous  behavior 
before  reaching  the  melting  point,  as  indicated  by  the  seaii- 
soUd  range  (SS).  If  a  material  of  the  conductivity  and  thei'mal 
gradient  B  reaches  the  melting  point,  as  required  in  the  ablation 
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process,  the  reaovsl  asy  extend  deep  into  the  interior  due 
to  the  poor  sheer  resistance  of  the  viscous  material,  which, 
most  likely,  will  lead  to  destruction  of  the  body.  Even  ma¬ 
terials  which  do  not  exhibit  this  viscous  range  may  ablate  un¬ 
evenly  so  that  some  parts  may  be  lost  before  their  heat 
capacity  has  been  fully  utilised. 

These  considerations  demonstrate  clearly  the  unsuit¬ 
ability  of  homogenous  materials  for  the  ablation  process  and 
the  absolute  necessity  of  heterogeneous  or  composite  mater¬ 
ials.  In  combining  two  dissimltar  constituents,  we  may  create 
an  artificial  combination  of  properties,  not  found  in  homogen¬ 
ous  materials,  which  may  meet  all  requirements  of  the  ablation 
process.  If  we,  e.g.,  choose  a  heterogenous  mixture  of 
ceramic  metal  particles,  the  cerasdc  material  may  provide 

1)  an  overall  low  thermal  conductivity. 

Insuring  confinement  of  the  process  to 
a  sdnute  surface  layer; 

2)  a  heat  resisting,  solid  skeleton.  In  which 
the  heat  absorbing  metal  particles  are  em¬ 
bedded  and  held  In  place  to  fusion  or  even 
vaporisation; 

3)  a  built-in  stopping  device,  which  prevents 
progressing  of  the  melting  process  beyond 
the  else  of  a  particle.  This,  In  turn.  In¬ 
sures  untforsdty. 
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The  full  and  well  controlled  utilization  of  the  thenaal  capacity 
of  the  aetai  phase  of  a  heterogenous  aetai'ceraaic  mixture  is 
further  illustrated  in  Pis .  11.  showing  the  tlae -temperature 
characteristic  of  the  surface  layer.  By  selecting  a  ceramic 
component  whose  melting  or  sublimation  temperature  is  somewhat 
higher  than  the  vaporization  temperature  of  the  metal,  the 
metal  will  be  held  in  place  to  full  vapoKzatlon.  In  the  subse¬ 
quent  Past  rise  of  the  temperature  due  to  the  absence  of 
cooling,  the  ceramic  skeleton  collapses  and  makes  place  for  the 
next  layer,  which  in  the  meantime  has  reached  the  temperature 
of  fusion. 

In  some  designs  (as  in  the  case  of  a  metal  of  high 
melting  point),  It  may  be  desirable  to  go  only  to  fusion,  pro¬ 
ducing  a  liquid  ablation  system,  which  usually  provides  better 
surface  uniformity  (Pis,  il).  Vaporisation  may  start  while  the 
liquid  material  Is  moving  downstreami  we  have  a  semi-gaseous 
system.  And  finally,  in  the  fully  gaseous  system,  the  metal 
will  vaporise  out  of  the  surface  pockets  provided  by  the  hete¬ 
rogeneous  structure. 

in  order  to  appraise  the  potential  amount  of  heat  ab¬ 
sorption  In  heterogenous  materials,  we  will  have  to  modify  the 
formerly  established  relationships  by  Introducing  the  properties 
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200  -  500  cal/cffl  see  for  Intercontinental 

missiles 

These  figures  depend j  of  course,  on  the  specific  trajectory 
and  may,  therefore,  only  serve  as  a  guide.  In  Fig.  15.  the 
efficiency  of  heterogenous  ffletal-ceramic  systeois  Is  once 
more  illustrated  and,  by  means  of  background  shading  ,  related 
to  ranges  of  heat  flux  of  ballistic  missiles.  This  picture 
shows,  for  comparison,  the  amounts  achievable  with  a  metal" 
carbon  system,  even  though  it  does  not  meet  the  requirement 
of  a  steep  thermal  gradient  and  may  encounter  a  number  of 
difficulties  in  practical  performance.  Heterogenous  systems, 
in  which  both  components  exhibit  high  thermal  conductivity, 
may  only  be  feasible  at  extreme  heat  flux  rates. 

On  the  other  hand,  heterogeneous  systems  In  which 
both  components  are  of  low  conductivity  may  be  highly  desirable, 
as  long  as  sufficiently  high  thermal  capacity  can  be  provided. 
There  the  particle  character  is  no  longer  necessary  since  the 
very  steep  thermal  gradient  provides  sufficient  assurance 
against  an  uncontrolled  and  disunifom  progress  of  the  ablation 
into  the  interior.  A  typical  example  of  this  kind  are  the  resin- 
glassftber  combinations ,  which  have  proven  highly  effective  in 
flight  applications.  As  already  outlined  in  detail  in  the  paper 
presented  by  H.  Connell,  highest  heat  absorption  and  uniformity 
is  obtained  by  normal  orientation  of  the  fibers  to  the  surfac<». 


Figure  16  gives  a  qualitative  picture  of  the  various  processes 
contributing  to  the  overall  heat  absorption, 

'.1  the  initial  phase  of  the  heat  exposure^  the  resin 
will  burn  or  pyrolize  and  form  a  carbon  skeleton^  which  holds 
the  glass  fibers  firmly  in  place  through  the  process  of  melt¬ 
ing,  Simultaneously^  with  the  progressing  heat  into  the  bulk 
material,  endothermic  processes  may  occur  in  the  resin  in  the 
form  of  decomposition  or  other  chemical  reactions.  While  the 
molten  glass  is  moving  downstream  under  the  mechanical  forces 
of  the  airflow.  It  may  start  to  vaporize,  and  at  the  same  time 
radiate  at  its  vaporization  temperature. 

The  amount  of  heat  dissipated  by  the  radiation  of  the 
various  surfaces  depends,  however,  on  the  transparency  or  ab¬ 
sorptivity  of  the  adjacent  material  components  and  the  poten¬ 
tial  re-radiation  from  the  boundary  layer  gases  or  the  ablation 
products . 

Of  particular  interest  is  the  early  vaporization  of  the 
flux  type  constituents  in  some  glasses,  which  increases  the 
viscosity  of  the  remaining  material  until  it  reaches  its  melting 
or  sublimation  temperature.  The  process  Is  illustrated  in 
For  simplicity,  two  groups  of  components  are  assumed,  one  with 
a  boiling  point  Ty^  and  another  with  a  boiling  point  Tg,  As 
soon  as  the  surface  arrives  at  the  temperature  T^,  the  con¬ 
stituents  '*A"  vaporize  while  the  remainder  consists  now  only 
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of  the  constituent*  "B",  which  are  of  high  viscosity  and 
act  as  a  mechanical  shield  for  the  almost  liquid  layer  under¬ 
neath,  yet  soft  enough  to  permit  the  escape  of  the  vapors. 
As  soon  as  the  constituents  "B**  reach  their  melting  temper¬ 
ature,  ablation  starts  and  the  thermal  characteristic  attained 
at  this  point  moves  gradually  Into  the  Interior.  This  effect 
of  fractional  distillation  of  constituents  may  even  lend  Itself 
to  the  design  of  a  homogeneous  ablation  auiterial. 

It  is  realised  that  there  are  many  other  effects  and 
processes  which  may  contribute  to  the  overall  heat  exchange 
In  heterogoneous  or  homogenous  systems  at  extreme  speeds, 
such  as  the  overheating  of  the  ablation  vapors,  endothermic 
or  exothermic  chemical  processes  In  the  bulk  material,  decom¬ 
position,  chemical  or  physical  Interaction  between  the  material 
surfaces  and  the  ablation  products,  as  well  as  the  boundary 
layer  gases.  The  appraisal  of  these  effects  has  to  await  in¬ 
tensive  fundamental  studies. 

As  for  today,  we  cannot  predict  yet  to  what  extreme 
temperatures  and  heat  flux  rates  the  ablation  process  will  be 
feasible.  On  the  basis  of  the  present  state  of  the  art  we 
can,  however,  safely  delineate  another  field  In  the  tlme-temp- 
erature  diagram,  which  Includes  the  majority  of  our  ballistic 
■issue*  (£U^), 
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c ,  Tranapiration 

Aa  the  material  la  expended  at  a  high  rate,  the 
ablation  proceaa  will  alwaya  be  limited  to  comparatively  short 
times.  If  we  have  to  dealgn  for  a  longer  duration  of  extreme 
heat  exposure,  we  may  no  longer  be  able  to  use  the  skin  ma¬ 
terial  itself  for  heat  absorption,  and  may  have  to  turn  to  a 
liquid  film  or  a  transpiration  cooling  system.  While  in  the  trans¬ 
piration  system  the  major  amount  of  heat  is  absorbed  by  vapori-* 
zation  of  a  liquid,  the  primary  effect  in  the  liquid  or  gaseous 
film  cooling  system  is  the  reduction  of  the  heat  transfer  into 
the  skin  material.  Related  to  this  is  the  proposed  formation  of 
gas  blankets,  where  a  gas  may  either  be  supplied  from  containers, 
or  precipitate  out  of  a  suitable  vaporizing  material  upstream. 

If  we  Introduce  these  means,  even  though  not  yet  proven 
in  flight  tests,  in  our  time-temperature  diagram  in  a  tentative 
manner,  we  have  finally  covered  all  potential  time  and  temperature 
combina tions  (  Fig,  19)  . 

7  .  The  Time-Temperature  Characteristic  as  Criterium  for 
the  Selection  of  Materials 

In  looking  over  the  discussed  spectrum  of  structural  high 
temperature  materials  and  thermal  protection  systems,  we  find 
well-defined  Umitatior)  of  temperature  and  time  >  The  limitations 
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are  in  the  first  place  determined  by  the  predominant  elements 
of  heat  resistance  or  heat  absorption  as  they  are  listed  once 
more  in  Table  i.  As  strength  becomes  distinctly  time-dependent 
at  higher  temperatures,  the  integral  (or  '*hot'')  structure  can 
serve  only  for  short  times  of  operation.  The  structures  based 
on  radiant  heat  dissipation  may  serve  indefinitely  under  steady 
state  conditions,  as  long  as  the  emissivity  of  the  surface  is 
not  changed  by  secondary  effects.  Likewise,  long  operation 
times  may  be  achieved  in  protection  systems  based  on  a  (not 
necessarily  limited)  supply  of  absorptive  matter,  such  as  a  liq¬ 
uid  in  transpiration  cooling,  or  a  gas  in  film  cooling  or  in  the 
formation  of  gas  blankets.  As  soon  as  the  absorption  is  pro¬ 
vided  by  the  material  itself,  in  form  of  the  thermal  capacity 
in  the  solid  state  in  the  heat  sink  system,  or  of  theheat  of 
fusion  or  vaporization  in  the  ablation  process,  the  service  time 
will  be  limited  to  short  operation  times  and  single  missions. 

The  so-obtained  time  and  temperature  limitations  (Fig.  20 i 
do  not  claim  to  be  exact.  We  cannot  even  expect  to  ever 
arrive  at  quantitatively  clear  defined  limits  in  view  of  the 
many  secondary  influences  involved.  Nevertheless,  even  the 
qualitative  time- temperature  definition  may  well  serve  as  a  key 
to  match  design  principles  and  vehicle  requirements  and  at  the 
same  time  provide  the  designer  as  well  as  the  materials  engineer 


202 


with  a  common  lan^ago  of  mutual  understanding. 


It  is,  however,  to  be  hoped  that  the  extensive  efforts 
made  today  towards  establishing  data  and  knowledge  of  the 
exchange  between  skin  material  and  environment,  will,  in  due 
time,  enable  the  materials  engineer  to  replace  the  present 
empirical  approach  by  systematic  developments  and  provide  him 
with  the  tool  to  design  materials  for  high  speed  flight. 
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TABLE  3 


HEAT  ABSORPTION  OF  HETEROGENOUS 
MATERIALS  AT  AN  ABLATION 
RATE  OF  1  ma/sec 
cal/cm*  see 
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Cu  li 

Ag 

At 

Mff 

2r0g 

^  ,  — 

593 

863 

413 

408 

165 

ZrSiO, 

812 

367 

365 

141 

BeO 

500 

h  . 

489 

208 

B4C 
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434 

181 

SIC 
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399 

160 

LAaOs 

287 
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Refractory  SubUaes 

CaO 

1 

825 

379 

377 

148 
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-413 

167 
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126 
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370 

144 
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TABLE  i 

HEAT  ABSORPTION  IN  VARIOUS 


HIGH  TEMPERATURE  SKIN  DESIGNS 


PRINCIPLE 

— 

MAJOR  ABSORPTION 

MINOR  ABSORPTION 

CONVENTIONAL 

(RADIATION) 

METASTABLE  METALS 

RADIATION 

INSULATION 

RADIATION 

RADIATION 

RADIATION 

THERMAL  CAPACITY 

HEAT  SINK 

THERMAL  CAPACITY 

RADIATION,  E.  R. 

ABLATION 

TH.  CAPACITY  TO  IN¬ 
CLUDE  VAPORIZATION 

OR  FUSION 

RADIATION,  E.  R. 
REDUCTION  OF  HT 

TRANSPIRATION 

HEAT  OF  VAPORIZA¬ 
TION  &  SUPER  HEATING 

REDUCTION  OF  HT 

FILM  COOLING 

MASS  COOLING 

HEAT  OF  VAPORIZATION 
REDUCTION  OF  HT 

FORMATION  OF 

GAS  BLANKETS 

REDUCTION  OF  HEAT 
TRANSFER 

MASS  COOLING 

_ 
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6  -  STRENGTH  -  TEMPERATURE  DIAGRAM  FOR  A 
LOW  ALLOY  STEEL  ("COR-TEN")  FOR  60 
SECONDS  AND  1  HOUR  OP  HEAT  EXPOSURE 
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PIG.  9  -  HEAT  DISSIPATED  BY  RADIATION  FOR  SEVERAL 
CERAMICS  AT  HIGH  SURFACE  TEMPERATURES 
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PIG.  10  -  TYPICAL  COMPOSITE  STRUCTURES  BASED  ON 


THE  PRINCIPLE  OF  HEAT  PROTECTION 
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BLEMEHTS  op  heat  ABSORPTIOK  W  a  resin  »  FIBER  SYSTEM  DURIMG  ABLATIOM 
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TIME  -  TEMPERATURE  DIAGRAM 
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CERAMIC  MATERIALS  FOR  USE  IN  HYPERSONIC  AIRCRAFT 

John  M.  Nowak 

Bell  Aircraft  Corporation 

Buffalo  3)  New  York 

Introduction 

Ihe  attendance  at  this  session  is  an  excellent  indication  of  interest  in  the 
problems  of  using  hi^  temperature  stable  materials  in  aircraft  and  missiles. 

Until  very  recently,  with  the  relatively  slower  vehicles,  metals  have  adequately 
fulfilled  the  structural  requirements.  Hovrever,  as  the  speeds  in  our  new  aircraft 
and  missiles  continue  to  Mach  10,  Mach  15,  and  beyond,  vise  of  conventional  designs 
radically  limits  the  use  of  present  metals.  Metal  alloys  useful  to  teniperatures  of 
about  1350  F  to  1600  F  are  commercially  available.  Some  of  the  high  temperature 
alloys,  as  an  example  a  high  cobalt  type,  have  reported  stress  rv5>ture  strengths 
in  wrought  form  of  about  7200  psi  at  I80O  F  after  100  hour  e:q>osure  at  I800  F. 

The  short  time  tensile  strength  of  this  alloy  is  reported  to  be  about  22,700  psi  at 
1800  F.  However,  as  operating  temperatures  increase  to  I800  F  and  above,  more  and 
more  of  our  technical  people  eire  looking  to  ceramics  to  solve  their  material  problems. 

Ceramics  is  one  of  the  oldest  of  arts.  Yet  it  is  only  relatively  recently  that 
modern  technology  has  been  extensively  applied  to  the  study  of  ceramics.  The  term 
ceramics  means  many  things  to  many  people.  It  means  pottery  to  some;  brick  to  some; 
abrasives  to  seme;  glass  and  refractories  to  others.  Conventional  ceramic  materials 
are  prepared  by  mixing  certain  amounts  of  plastic,  filler  and  flux.  The  ceramic 
material  processed  and  prepared  for  the  forming  operation  had  ingredients  which 
functioned  in  these  three  ways.  It  has  to  be  plastic  so  that  it  could  be  formed 
into  any  shape;  it  had  to  have  a  low  drying  shrinkage  so  that  cracks  would  not 
develop  with  resultant  feiilure  of  the  ware;  and  it  had  to  have  low  enough  fusibility 
to  be  fired  into  a  strong  product  at  temper at  vires  economically  practical.  The 
minerals  which  contribute  the  property  of  plasticity  are  called  plastics  in  the 
ceramic  field  of  technology.  They  are  not  the  same  materials  to  \diich  the  term 
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ten^peraturoB.  Gome  of  the  recently  def\''eioped  canmer'sial  bocics  sueh  as  dense  silicon 
carbide  do  not  use  a  flux  but  are  self  bonded* 

Brittleness  is  the  major  drawback  in  using  ooramlo  materials  as  struavcral.  hBrdift.T3c> 
Jllthou^  the  inatorlals  are  umudly  poor  in  tensilo  strength  at  room  temper^^atux^  their 
coKpresalTa  strength  is  generally  exca'lent.  c^ando  materials  hcv&vsr,  have  bettsr 

teoeile  3ti.'engtbu  than  inetals  at  tonposv.turea  of  1800  P  and  above  9  Jairer<  i>?n(p,er  and 
associates  {NACA  1911)  reported  a  short  time  teaeile  of  about  22,500  p&i  at  I600  F 
for  ft  boron  oarb&do  \tttdy,  Doaigns  using  a  eeram;le  material  should  take  tbis  Icto  account 
Stvdj.ns  are  new  underw^  by  Dr*  Joseph  Paak  and  aaeosifttea  at  the  Uiivcn  it!/  ;;  Callforni 
end  prbbabl^’  others,  to  Improve  the  ductility  a?  cerawios*  It  maj?  be  ye3‘  3,  honevsr 
bofore  ductllfi  oera?rdo8  are  developed)  In  the  lAsantime,  studies  rre  undtt'.iry  >0 
utili!?8  in  ;.’l:i^t  vehiclss  tlio  better  lieat  resistent  properties  of  caremf.o  sj  .  ma 
ceramic  maierilals  have  what  appears  to  be  definite  strength  adven' a, gos  41''. ala  p,t 
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the;  creep  strength,  the  effect  of  oxidation  on  molybdenum,  efft  v  ;,i  :  ■j  vl/gs 

on  tht  strength  of  molybdesitttt}  etc*  This  data  is  presented  to  bring  tc  ;  :  iii;  i 
tiu)  possibilities  that  do  exist  for  eeranies  as  structural  materi^fLe  ir  byco’r':  it  .?  air 
vahicljse  even  at  the  raletlvBJy  low  te;3poratvre  of  2000  F« 
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The  use  of  ceramic  materials  as  high  temperature,  low  density  Insulants  has 
been  accepted  by  Industry  for  many  years*  However,  the  effect  of  vibration  cf  these 
materials  at  hl£^  tasgperatures  has  not  been  Investigated  to  our  knowledge.  Ceramic 
materials  have  been  used  as  coatings  for  metals  for  applications  such  as  enamels  for 
hovisehold  appliances,  enamels  for  outdoor  service  on  steel  and  aluminum.  We  hope 
that  our  presentation  this  afternoon  will  add  to  the  svni  of  knowledge  on  the 
possible  application  of  ceramics  to  high  speed  flight  vehicles.  One  cannot  overlook 
any  of  the  materials  available.  Our  studies  were  directed  toward  use  of  ceramics 
in  applications  at  elevated  temperatures  for  periods  of  one  to  100  hours. 
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RESULTS 

About  five  years  ago  our  laboratories  uodertook  the  investigation  of  materials 
for  egipllcatlan  to  proposed  hypersonic  aircraft.  Reviewing  the  material  problems 
^dkich  we  could  anticipate  at  that  time  and  based  on  the  best  Infoxmatlon  available 
ffora  designs  made  by  our  Structures  Engineers,  we  decided  to  direct  our  preliminary 
effosrts  into  several  functional  channels.  We  divided  our  studies  into  the  follow¬ 
ing:  (l)  refractory  materials  for  "hot  spot"  areas,  (2)  thermal  insulants,  and 
(3)  protective  coatings  to  prevent  oxidation  of  metals.  In  a  proposed  vehicle, 
the  refractories  were  considered  for  the  wing  leading  edges  and  the  nose.  The 
Insulants  were  for  application  between  the  outer  sklzm  or  walls  and  the  interior 
structure.  Ihe  protective  coatings  were  considered  for  application  to  metal  skins 
fabricated  from  svper  alloys  in  foil  thickness  and  to  otiier  metallic  andnon- 
metallic  cooponents  subject  to  elevated  temperatures.  With  the  exception  of  a  few 
of  the  coatings,  all  the  materials  evaluated  are  ceremlc. 

Refractory  Materials  for  Hot  Spot  Areas 

Tests  were  conducted  on  a  nvmber  of  selected  hi^  tesperature  materials  which 
may  be  useful  as  refractories  for  hot  spot  areas  where  temperatures  in  excess  of 
2500  F  and  cpproaching  4000  F  may  be  anticipated.  Most  of  the  hi£^  melting  point 
materials  have  mechanical,  thermal,  or  chemical  properties  vdiich  make  them  unsuit¬ 
able  for  some  of  these  applications.  Althou^  no  material  to  our  knowledge  is 
presently  available  ibich  will  meet  all  the  target  requirements  for  all  hot  ^ot 
areas,  test  data  establishing  \iseful  life  tenperatures  fcr  available  materials  is 
imperative.  A  nixiber  of  refractory  carbide  and  graphite  materials  were  selected  on 
the  basis  of  their  theoretical  properties  and  were  screened  for  rate  of  oxidation  at 
2600  F  Tinder  a  controlled  oxygen  flow  of  one  liter  per  minute.  This  temperatTire 
was  selected  as  a  plateau  representing  the  lower  temperatTire  limits  of  proposed 
applications. 

Oxides  as  a  class  eppear  to  have  lower  Tiseful  operating  temperatures  than  do  the 
carbides.  Ibe  oxides  tend  to  have  lower  strength  at  the  hi^  teoperatTires.  Some  are 
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subject  to  thennal  shock.  The  carbides, hoirever,  generally  have  hi^r  melting 
points,  higher  strengths  at  the  elevated  teniperatures  and  are  not  subject  to  the 
degree  of  thermal  shock  that  is  coomon  to  some  oxides.  At  sufficiently  elevated 
ten^ratures  the  carbides  will  oxidize.  Purpose  of  our  studies  on  the  C6u*bides 
and  graphite  was  to  ascertain  the  degree  of  oxidation  which  we  could  e:q)ect. 

In  addition,  preliminary  temperature  tests  to  3700  F  were  conducted  on  a 
maf^piesia-zirconia  body,  on  a  dense  sUJcon  carbide  body  and  on  a  zirconium  carbide 
body.  Modulus  of  rupture  tests  were  conducted  at  temperatures  to  2700  F  on  an 
sxperiiaer.tai,  aluminum  modified,  dense  silicon  carbide  body,  and  at  temperatures 
to  1500  F  on  a  nunber  of  zirconia  bodies.  The  alminum  modified  silicon  carbide 
was  fabricated  in  an  attempt  to  obtain  a  comaercially  producible  silicon  carbide 
j  ossessing  a  modulus  of  rupture  approaching  the  best  hot  pressed  v-U'iety  kno’..r,  to 
us.  A  hot  pressed,  high  streng*:!!  SiC  body  with  a  reported  mo'i'uluc  o.  rupture  of 
70,CXi psi  at  2500  F  was  prepared  by  /dfred  ibiiversity  on  a  laboratory  scale. 

Of  the  bodies  tested  only  SiC-BhC,  rccrystallizel  iii,  and  .^G'd  graphite  coated 
with  about  .005"  SiC  were  capable  of  withstanding  exposure  to  oxygen  at  2800  F  for 
three  hours  without  excessive  deterioration.  The  ZrC  oxidized  to  a  powder.  The 
TaC  and  the  TaC-ZrC  bodies  oxidized  excessively.  Based  on  the  change  in  weight 
and  the  amount  of  CC^  collected  per  square  centimeter  of  siarface  area,  the  SiC- 
body  showed  the  greatest  resistance  to  oxidation  under  those  test  conditions, 
rbcaminatlon  of  the  SiC  coated  graphite  showed  pronounced  voids  under  the  coating. 
Ihesc  voids  were  concentrated  at  the  edges.  This  would  indicate  that  it  may  be 
difficult  in  getting  an  adequate  coating  00  the  edges.  Detailed  oxidation 
resistance  test  data  for  the  bodies  evaluated  is  given  in  Table  III.  The  weight 
of  CO2  collected  per  square  centimeter  of  exposed  area  against  exposure  time  for 
all  sainples  tested  is  plotted  in  Figures  1,  2  and  3* 
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To  datermina  raalatanoa  to  hlf^ier  ternperaturoBf  preliminary  qualitative 
taata  eonaiating  of  axpoaing  teat  aamplea  in  an  oxy-acstylane  furnace  up  to  yiOO  F 
vara  conducted  on  a  75$  nagne3ia<>25$  sireonia  body^  a  dense  silicon  carbide  bcdy, 
axid  a  slrconlun  cax4>ida  bodyo  The  magnesia-Birconia  body  has  been  used  aa  a  funnel 
for  tiranafarring  molten  stainless  steals  Visual  examination  of  the  test  specimens 
showed  little  evidence  of  attack  on  the  dense  ailiccn  carbide  exposed  for  10  min« 
utas  at  3700  F,  Exposure  for  about  85  minutes  resulted  in  severe  oxidation  of  the 
body*  Table  17  lists  more  completa visual  data  taken  on  the  dense  SiC  specimens 
exposed o  A  substantial  weight  loss  was  noted  after  exposu'i^e  of  the  MgO^ZrOg  body 
for  one  hour  at  about  3li50  Fo  A  white  coating  was  formed  over  the  ZrC  test  sped 
mens  after  2  to  6  minutes  exposure  at  temperatures  from  3275  F  to  3li50  Fo  The 
coating  was  cbserved  to  have  poor  adhesion  to  toe  body» 

Modulus  of  rupture  tests  at  temperatures  to  2700  F  on  ths  aluminum  modified, 
experimental,  dense  silioon  carbide  body  shewed  a  considerable  spread  wltoin  each 
test  points  Test  data  for  toe  60  minute  exposure  at  temperature  is  plottad  Figure  5o 
Table  V  compiles  the  test  data  collected  for  th,e  bodyo  Considerably  lower  modulus 
of  rupture  values  were  obtained  for  toe  ZrO^  as  shown  in  Table  71. 

Thermal  Insulante 

Vibration  tests  at  temperatures  of  I8OO  to  2000  F  and  water  absoiption  tfsts 
were  conducted  on  a  number  of  low  density-,  silica  and  alumina^sillca  fibrcua  ;.neulant3. 
1*  Vibration  at  Elevated  Temperature 

Alumina-silica  and  silica  fibrous  insulants  with  a  nominal  density  of  2  to 
It  Ib/ft^  were  vibrated  at  ei«vate<l  tem?ierature  in  tore©  mutually  perpiindicuC'.ar 
planes  for  iiP  hours  accovding  to  a  predetermined  schedule,  at  frequanilss  of 
5  to  2000  ops  with  0O6"  double  amplitudec  These  conditiesns  sr-j  norn'al  fei 
missile  applications  *  Temperatures  of  about  18OO  F  to  2000  F  for  most  o.f  the 
test  were  recoi*ded  on  the  hot  side  facing  the  heat  sour  see  No  attsiT.r".  was  made 
to  cool  the  other  side  of  the  insulant  where  temperatures  in  the  range  of  3C0  7 
to  1000  F  were  recordado  Figure  6  illustrates  the  test  equipment  used  in  our 
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vibration  studies.  Figure  7  shows  the  position  of  the  insulant  test  specimens 
in  the  fixture. 

After  the  W  hour  test  it  was  observed  that  alunina-silica  fibrous  insulant, 
our  nimber  HD-2-AS-3>  had  the  least  physiceil  deterioration.  Alumina -silica 
fibrous  insulant,  our  number  HD-l-AS,  exhibited  the  least  shrinkage  but  was 
badly  pitted  by  its  impurities.  Additional  test  specimens  of  the  materials 
tested  for  48  hovurs  vibration  at  elevated  temperature  were  vibration  tested 
at  elevated  temperature  at  an  increased  amplitude.  An  amplitude  of  0.4  inch 
double  amplitude  was  used.  Such  amplitude  is  greater  than  that  e^qjected  for 
a  useable  structxare.  Due  to  the  possible  adverse  effect  of  this  amplitude 
on  the  test  unit,  the  test  was  restricted  to  l/2  hour  in  each  plane,  for  a 
total  of  I-I/2  hours.  All  the  specimens  remained  dimensionally  unchanged  based 
on  approximate  measurement,  except  a  high  silica  fibrous  insulant.  The  3  Ib/ft^ 
alumina-silica  insulant  HD-2-AS-3  showed  the  lesist  chauoge  in  density.  A  12  hour 
vibration  test  at  elevated  temperatures  was  conducted  in  several  alxmina-silica 
fibrous  insulant s  having  densities  from  4  Ib/ft^  to  12  Ib/ft^.  Vibration  tests 
were  conducted  on  the  higher  density  materials  primarily  to  correlate  vibration 
resistance  with  density.  With  the  exception  of  some  powdering,  the  materials 
appeared  to  withstand  the  vibration  satisfactorily. 

2.  Water  Absorption 

A  water  immersion  test  was  conducted  on  all  the  Insulant  specimens  evaluated. 
All  the  Insulant  test  specimens  absorbed  water  in  the  "as  received"  condition. 

The  amount  of  water  absorbed  by  the  specimens  having  low  "as  received"  water 
absorption  values  increased  after  vibration  testing.  None  of  the  specimens 
retained  water  after  oven  drying.  There  was  no  evidence  of  hydrolysis  or 
chemical  reeuition  of  water  on  any  of  the  specimens. 
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jTotegtil'ye  Goatinss 

Five  ceramic  coatings  and  thra©  dlffusisn  tjrpe  coatings  were  evalu^ttA  fcr 
oxidation  resistance  protection,  thermal  sfjoak.  adhc^ranca,  and  flexibility'.  The 
coatings  were  applied  to  lliccnel  X  foil  Co005”)o  Coatings  are  being  considered 
not  only  for  the  oxidation  protection  they  may  affo*.'d  ths  metal,  but  also  as  a 
high  emissivity  source  on  the  metal  surface c  Feat  transfer  from  the  hot  metal  to 
•She  atwos^er©  ®ay  thus  be  Increacado  Uneoatsd  Inconel  X  foil  (oOOJ”)  has  a 
room  temperature  tensile  ats’ongth  of  about  29,000  pai  after  2h  hours  axposura  in 
air  at  2C00  P,  and  a  room  temperature  tetisils  at-r-2.ngth  of  nbout  109,000  psi  after 
‘2h  hours  at  2000  F  in  an  argon  etmoaphcr©..  Table  il  illustrates  the  effe'^t  on  the 


room  tswperature  tensile  strength  of  Cc005'' 


Inscnai  X  after  axposui'e  to  2000  Fo 


‘.Ijiconel  X  tjsa  selected  as  the  metal  fer  cur  coating  studies  because  it  is  represent 
ative  of  the  high  nickel  class  of  high  temperattira  alleys;  it  showed  a  large 
dacrease  in  reem  temperature  strength  whan  e-.rpo£ad  to  oxidiaing  at’S’cspheras  and 
therefore,  should  raflc-ct  -soatirg  effecti's/sn^iao!  and  it  was  available  in  foil 
thiclcnssseso  The  metal  undergoes  phase  changes  at  elevated  temperaturas  which 
are  not  appreciably  influonced  by  seatingso  It  is,  therefore,  necessary  to  test 
the  metal  at  the  ©levatgd  'temparaturas  t.o  establish  ri^operties  at  those  tempera^ 
tureso  Such  tasts  are  noi'j  s<'&eduled  in  cur  laboratories c. 

Diffiisicn  type  coatings  wes-e  th.e  rcosfc  pr  sivislng  ©val.uatsdo  They  provided 
e::5®llprit  protoction  against  int^rgraiiular  oxiclatic-n So  oxr'.dation  of  '.''r.conei  X 
-■las  cr'-ickuTt  af  oar  exposure  periods  of  1  hour,  100  b-rers,  iuid  150  hou,y?s  at  20C0  Fr. 
rhoto7.ris;rr<g!*apas  of  tmeoatod  Inconel  X  and.  ireonei  1  coated  with  a  diffusion  t;‘rp-i 
coating,  3«r  number  wiposed  to  2000  F  are  sh-wm  in.  Figiu-ra  ?jo  VJlt-h  exeip 

tion  of  coating,  t>ur  nuviber  JPG-=5,  the  esramS-C  coatings  ovalu&tad  aid  not  5r..vKv 
the  basis  orridati&n  resis'.'.an^'jo  protsetion  rGqu:’X3T:;cnt  anti  the  flexibJlLi'iTj’’  ar.c 
aolisrencj.  requirer-iGntp  astcblighed  as  sereen:'ng  tastso  Ths  JPC--’5  .appeared 
provide  good  oxv.dc.tion  rssisi.anr;©  proterti<r  r- 
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,;'.i-v;;D£,;;‘;!rb:i  of  ;?n  0  k,;'j-:';'.-v.;;-  ioosc;  sc  .tiu/iCi  fondi  ''ro;  'ihu 

•.i'..:'b2.::!,,  '.  •ir;;,oait.-.ovi  and  liho  ■; vC  hJ"'?  boon  &l;ioved  b:'  :.:o  i 

03  ASC^.;  ^  2CQ0  P,  and  £?0b  ro  Thi:;  i  nters  of  ■fbvri:  ^henj^es  and  efflatt  oa  ■xrncacn^ 
one:...  prcrariiica  uill  bfi  An'osijtAgCood  iiostvn;?  .iond’icijd  dn  or;'  jabop- 

aorjo-iob'  3h'c;;cd  t!u.;')i  it  5.3  •'i.ss'lblfv  f,i'  spo-irald.  Ineonal  T.  EV'>‘'3^-'’‘'42n3  •’ohr&ug;';  the  JE-'I  -8 
'ciQottTfv'  Sffcjots  of  ojctdatirn  ffn  'lih.:  w-i.d  ;jilA  have  to  be  Invasti^^ated^. 

Tho':.-  appaas.^s  to  ba  no  thooretir;?.!  :^iu.ft^>,±or>s  to  the  si^g  oi’  shape  of  Etrac-- 
t'Anai  eieiitents  the.t  mircht  be  o-sstea  };j'  the  b'Pi'^  8  r-i-esosso  Tha  process  rooisicts 
essantiKl.'.y  of  packijn??  tne  sorponrat  to  bs  coated  in  a  patented  chrooiiv.rrt  ivempoundp 
addiTiF;  .:'r=.rt  and  c-ner^izar  laatsn'J.als  and  hea-ViTK  to  ':.650  P  to  2QZ0  Fo 

Xt  l3  pl,gnred  that  er:ii3si")itjf'  ir;;a£n>’':i':;an;f:  ^ssxll  be  HQr.QKf^tod  on  tho  ^^rstir^^JE 
■^hat  fiiav  be  ee.Uj  itod-.  AddiJtisnal  cti;;ii:^:?v  now  nndcnijsy  w5.5.A  of't-ibXish  tho  f3t:  "‘riXii^th 
at  •^Ki;s>p:)i'ature  of  coated  In  jorui,  F  uoco;r.:;rss-  rt  is  antinomy  poi:>e5tiie 

•that  -the  primary  «dvan'tj{Te  of  ooatin;-;,?  n:fi  FaiX?  psy  bo  •&■;:  e''.'!iesiv;h:-y  i't 

5wpar'i.s  to  the  porfacoo  Buti  to  pbaso  chan?. -  s  snin--  refra^j-tory  inA'rds  v:ay  ba'-;. 
limited  ol*'^Jt;tad  ts^parciPif-r  stveng-M-;  orsn  hy^-ho-ir  the  ad'\'Ci^s;.  effort  of  en 
c.tiri'Sphove  • 
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V‘-:  OC'l 


Refi*a<;-e-sy  tfctsylala  for  Hot  .?pao  Aycn:.}? 

1*  Of  'icha  casbids  mteriala  iioated  tha  b?"3t  •»!(?.«.'' ion  raaiotence  afe  i800  f  waa 
sjdiibi'led  by  the  ras'victojpy  bcidy  oonoflsv-ing  of  90%  silicon  ec!rbids  ani  lOfi 
boron  at-wbide  (SiC«'B»,G)x 

2;,  At  febcut  yjCG  ?  the  cttsidSiSi  dr..::-' i  si?:lrcn  c^'v  ide  bed’’’  r.liornd  li‘‘>tle  U!2t‘;'rior*» 
aticn  after  5.0  iitmntc.'s  'STOCSo.ra  in  an  oyr/‘- 'Jostr-lanQ  .furmJce^  JJpaoiij.'iSif;  .'jnbjscted 
to  85  niini'.tss  sjrposure  :iv.  tiit'oc  tn  igjoratures  dcterio2‘at,sd  quit.a  badly  .■■'csaiilting 
in  loss  of  abont  2./U  of  tiio  vol-uinn  of  the  ap^jici^rierxe 

3»  An  atts3:p<;  to  obtain  by  the  addifcf'.on  of  s2.and.m:rri  n  cojv?r:!c*;'s:la53.y  prcd«o;M‘5.o  silicon 
oarbida  ptj^seoaing  a  of  riptura  sipproacfeiji;?  that  of  !\  hat  p^esi^zd  labor* 

atttt*y  bodi'  a’as  not 

Uo  Tha  graplii.to  coated  "•',0  sisc-,";  s;rc?x*.i:?  .c'oi’  e.pp3.5.cr.':.i.'>iiii  nt  texporaturas  of  at 
Isact  ar^Oi-  ?  .'snd  copribly  .'j/Cf'  PhC'Xt  ’ms'f.riS'  teats  woulfi  .havo 

to  ba  cenavictsd  at  3?C‘0  ru  t'''.  ■vv-.tjd  vrr.chiie,  Coatcil  graphite  ii&e  subs>>siitial 
ii5Qight  aci'  ijatcgo  ovg;:  CdiJt  The  d r^r.iiy  cf  -’vsi'hltc  is  obout  3.j.6f  Tbs  Isiaait-y  of 
cojz^sreia.  ^airletieo  of  silt-ini',  ci.vbitc  •-c/.'y  .‘t-o::.-  r.bont  2^8  to  2fZn 

1<  Bssed  an  ii.'O  ceato  crndv.ctcd  it  a;r;esTO  ornt  j..  o?.5-i5a  fibroue  7  n 

CiiT  cede  :L' ■•2<^ IS'^35  h^^ing  ^  nerd ’.rl  c.cixity  a-’  3  Ib/ft'’  shoe’s  tha  r.rr.  ;-  v:-r-sxi.5f? 

£k*j  aii  for  ate  ipplior-tior.,  -v-el.c.otic-a  of  ius'^l-i-nt  v5i?.l  be  bisci  an 

tcKtP  caac-.uotod  in  tlio  md  pre-.f:'.  7t\c-  t  tv. tics  c-;.d  ac  the  vhji<ri;^".  c;pr.'.d.vcti:'.tt7  of 
ths  baforo  and  ?fts:e  onriroriRi.utal  'aivposnrcp^ 

2  :  T'sa  .•.■:-.t(:,:i'  rb'oreptj.on  taste  designai  is  viie  .Itb-.-rr.tcry  y.cer!  ti?  ccr  .>£X3  -ih^ 

i:.?3-Ti;:.iito  :);(3a'  sc2.’ro£!7j?y  enveo^^sy  cnly»  it  epp  aira  th-it  thr  nry  of 

to  -.m.j  vt  .-  r;.rc:.ctf cn  jJ  xi  .vcnr  t-j  r^c'T ?'r. *■ 
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Prctactiva  Coai^lriga 

lo  On  th«  basis  of  the  rr*»linir'Stry  acreerlrp  tpsts  diffusion  coatirR  JfV  6 

appears  to  be  the  most  rromlaing  coattr.R  for  Inoonel  to  This  coating  affords 
excellent  oxidation  protection;  possesses  good  thermal  ^ock  resistance;  and 
shows  good  flexibility  and  adherencco  Tha  JfW=P  coated  srecimens  exncsed  to 
22CO  F  for  various  tine  periods  exx^rierced  a  dogree  of  warpage  rot  encountered 


In  the  srecimens  exooaed  to  2000  Po 


Most  of  the  work  presented  in  this  report  vras  sponsored  by  the  UoSo  Air  Forceo 
Their  assistance  is  gratefully  acknowledged n 
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FIGURE  I  WEIGHT  CO,  (GRAMS)  /CM*  SURFACE  AREA  VS  TIME 


FIGURE  3  WEIGHT  CO  (GRAMS)/CM  SURFACE  AREA  VS  TIME 


FlGUf^E  4B  PMOTOMICROGBAPMS  (?50X)  Of  UNCOATtO  AND  JPHt-B 
COATED  fNCONEt  X  AFTER  EXPOSURE  »R  AIR  AT  HIGH  TEMPERATURES 
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THERMAL  PROPERTIES  OF 
NOSE  CONE  MATERIALS 


L  B.  Fieldhouse,  J.  I.  Lang,  A.  N.  Takata  and  T.  E.  Waterman 

I.  INTRODUCTION 

The  thermal  properties  of  materials  at  hi^  temperatures  are  of  considerable 
practical  and  theoretical  interest  to  the  engineer  and  scientist.  The  practical  value  is 
well  demonstratea  bj?  the  demand  for  thermal  property  data  above  1500°F  wliicli  is 
lacking  in  the  literature  and  required  for  computations  to  determine  tlie  optimum 
material  and  design  of  the  nose  cone  of  ballistic  missiles. 

In  early  1955,  a  program  to  measure  the  thermal  conductivity,  specific  heat 
and  linear  thermal  expansion  of  five  materials  was  initiated  at  Armour  Research 
Foundation  under  contract  No.  AF  33 ‘616)- 2093 .  The  materials  covered  in  this  con¬ 
tract  were  copper,  molybdenum,  nickel,  type  GBE  graphite  and  type  347 4D  graphite. 
Tfiis  information  was  presented  at  the  First  Technical  Symposium  on  Ballistic  Missiles 
held  in  Los  Angeles  in  June  1956.  Since  then,  more  information  has  been  obtained  and 
will  be  presented  here  along  with  a  brief  description  of  the  experimental  methods . 

n.  THERMAL  CONDUCTIVITY  OF  SOUPS 

A.  Experimental  Method  and  Apparatus 

The  method  used  for  determining  thermal  conductivity  is  one  of  unidirectional 
heat  flow  through  a  disk  of  the  sample  material.  The  apparatus  used  is  shown  in  Fig.  1. 
The  heating  system  consists  of  a  main  heater ,  guard  heater ,  and  superheater .  The 
heating  elements  for  the  main  and  guard  heaters  consist  of  molybdenum  wire  0. 09  inch 
in  diameter  wound  in  a  coil  3/8  inch  in  diameter.  The  coils  are  supported  alundum  re¬ 
fractory  shapes  and  the  unit  insulated  witli  bubbled  alumina. 

The  purpose  of  the  superheater  is  to  prevent  condensation  of  the  evaporating  liquid 
from  occurring  before  the  vapor  reaches  the  condenser.  The  temperature  of  the  super¬ 
heater  is  regulated  so  that  it  is  always  about  10°F  above  the  boiling  point  of  the  liquid. 


As  shown  in  Fig.  I,  the  calorimx.£er  assembly  consists  of  a  test 
section,  guard  section,  two  condensers,  superheater,  and  a  two-way  valve. 

It  is  held  about  l/8  of  an  inch  above  the  sample.  As  heat  is  transferred 
from  the  sample  to  the  calorimeter,  the  liquid  in  the  calorimeter  will  begin 
to  boil.  The  vapor  formed  in  the  3  inch  diameter  test  section  will  rise  in 
the  tube  separating  the  test  section  from  the  guard  section,  pass  through 
the  heated  inclined  tube  and  then  flow  into  the  condenser  where  it  can  either 
be  collected  and  weighed,  or  allowed  to  drain  back  into  the  calorimeter. 

The  vapor  from  the  guard  section  is  condensed  in  a  separate  condenser  and 
then  drained  back  into  the  calorimeter. 

With  the  exception  of  tantalum,  the  test  sample  is  a  disk  6-3/4 
inches  in  diameter  and  1-1/2  inches  thick.  As  present  methods  of  fabrica  ¬ 
tion  are  not  capable  of  producing  high  density  sintered  tantalum  in  sheets 
thicker  than  about  1/4  inch,  the  sample  (6-3/4  inch  in  diameter  and  l-l/Z  inch 
thick)  was  made  by  stacking  varying  lengths  of  1/4  inch  by  1-1/2  inch  strips 
to  form  the  sample  disk  as  shown  in  Fig.  2.  This  provided  a  sample  which 
was  continuous  from  surface  to  surface  in  the  direction  of  heat  flow,  which 
eliminates  problems  concerning  contact  resistance.  The  sample  with 
platinum  -  platinum  IC/o  rhodium  thermocouples  in  place  is  lowered  into  the 
furnace  and  supported  l/4  inch  above  the  main  heater  by  alumina  posts.  The 
thermocouples  are  lead  out  through  small  tubes  in  the  sides  of  the  furnace 
and  are  connected  to  the  measuring  instrument  (type  K-3  Leeds  &  Northrup 
potentiometer  with  ice  bath  reference  junction).  The  guard  thermocouples 
are  placed  within  the  refractory  supporting  guard  heater  and  on  the  same 
horizontal  plane  as  the  cold  surface  of  the  sample. 
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B.  Test  Results 

Preliminary  tests  at  temperatures  of  1000  to  IbOO^F  were  made 
using  an  Armco  iron  sample  in  order  to  verify  the  accuracy  of  the  test  equip¬ 
ment.  The  results  were  compared  with  values  reported  by  Armstrong  and 

12  3 

Dauphinee  ,  Powell  and  Jakob  .  The  maximum  disagreement  was  found  to 
be  3  per  cent  at  1600 “F  between  ARF  and  Powell. 

The  experimental  results  obtained  on  the  materials  tested  are 
shown  graphically  in  Figs.  3  and  4.  In  the  cases  of  Hastelloys  B  and  C,  and 
the  graphites,  the  results  given  are  those  obtained  during  the  first  run  of 
each  sample  in  the  furnace.  Subsequent  runs  give  higher  numbers.  To  ob¬ 
tain  an  approximation  of  this  increase  in  conductivity,  one  sample  of 
Hastelloy  B  was  left  in  the  furnace  at  1400 °F  for  24  hours  after  the  comple¬ 
tion  of  a  run.  The  results  obtained  after  this  period  ranged  from  30  to  35 
per  cent  higher  than  the  original. 

A  metallographic  examination  of  this  sample  of  Hastelloy  B  was 
made  before  and  after  testing.  Small  pieces  were  cut  from  the  edge  of  the 
disc,  mounted  in  Bakelite,  polished  and  etched  with  ferric  chloride.  The 
piece  in  the  "as  received"  condition  had  a  grain  structure  of  equiax  twinned 
grains  characteristic  of  this  alloy  after  being  worked  and  annealed.  The 
heat  treatment  occurring  during  the  test  produced  a  microstructure  which 
consisted  of  three  phases,  an  alpha  nickel  solid  solution  matrix,  a  beta 
nickel-molybdenum  (Ni^  Mo)  phase  precipitated  as  small  particles  in  the 
grain  boundaries  and  within  the  grains,  and  a  gamma  phase  present  as 
larger  particles  appearing  within  the  grains. 


1.  Armstrong,  L.  D.  and  Dauphinee,  T.  M.  "Canadian  Journal  of 
Research."  Section  F,  Vol.  25,  pp  221-225,  1947. 

2.  Powell,  R.  W.  "Proceedings  of  the  Physical  Society."  London, 

Vol.  46,  pp  659-674,  1934. 

3.  Jakob,  Max.  "Heat  Transfer."  Vol.  1,  John  Wiley  and  Sons,  Inc., 
pp  146-  166,  1949. 
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In  measuring  the  graphite  samples,  a  definite  odor  of  coal  gas 
was  noticed  in  the  purge  helium  leaving  the  furnace.  Also,  carbon  deposits 
were  found  on  the  calorimeter.  These  phenomena  suggest  that  either  the 
structure  of  the  graphite  was  changing,  or  that  impurities  were  being  driven 
from  the  sample.  That  some  change  in  the  r,  i^nrp  of  the  graphite  samples 
had  occurred  was  verified  in  the  earlier  v  testing  a  sample  of 

3474D  graphite.  A  definite  increase  in  thermal  conductivity  was  noted,  with 
the  greatest  difference  occurring  at  1000®F  (the  lowest  temperature  at  which 
measurements  were  made). 

C.  Estimated  Accuracy 

4 

An  article  by  Somers  and  Cyphers  indicates  that  the  maximum 
error  due  to  sample  thickness  and  ratio  of  test  section  area  to  guard  area  on 
distorting  perpendicular  heat  flow  lines  is  2  per  cent.  The  article  consists 
of  steady  state  heat  transfer  calculations  by  means  of  the  solution  of  particu¬ 
lar  differential  equations  for  heat  flow  in  homogeneous  materials  of  cylin¬ 
drical  cross  section  and  various  thicknesses.  One  face  of  the  sample  is 
assumed  to  be  at  a  given  temperature  and  the  other  face  at  a  temperature 
greater  than  the  first.  The  side  of  the  sample  is  assumed  to  be  at  the  same 
temperature  as  one  face,  which  is  a  more  drastic  condition  than  that  which 
takes  place  in  the  actual  case.  The  authors  report  the  ratio  of  true  thermal 
conductivity  to  that  measured  experimentally  for  various  test  sections, 
guard  sections,  and  sample  thickness  dimensions. 

Since  careful  consideration  was  given  to  the  instrumentation, 
errors  due  to  measurements  alone  should  be  less  than  one  per  cent.  How¬ 
ever,  errors  produced  by  slight  misalignment  of  the  heaters,  variations  in 
the  resistance  of  the  heater  wires,  small  inaccuracies  in  machining  and 
thermocouple  locations,  and  other  random  errors  account  for  the  spread  in 
data. 

With  these  points  in  mind,  it  is  believed  that  the  curves  drawn 
through  the  experimental  data  are  accurate  within  5  per  cent. 

4.  Somers,  E.  V.  and  Cyphers,  J.  A.  "Analysis  of  Errors  in  Measuring 
Thermal  Conductivity  of  Insulating  Material.  "  Review  of  Scientific 
Instruments,  Vol.  22,  No.  8,  pp  583-586,  August,  1951. 
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III.  THERMAL  CONDUCTIVITY  OF  LIQUID  COPPER 


A  comparative  method  was  used  to  determine  the  thermal  conductivity 
of  the  liquid  sample.  Heat  was  passed  downward  from  an  electric  heater, 
through  the  sample,  through  a  disk  of  molybdenum  whose  thermal  conduc¬ 
tivity  as  a  function  of  temperature  is  known,  to  a  heat  sink.  This  was  neces¬ 
sitated  due  to  the  convection  currents  which  are  set  up  if  the  sample  is  heated 
from  below. 

A.  Experimental  Method  and  Apparatus 

The  apparatus  used  is  shown  in  Figs.  5  and  6.  As  downward  heat 
flow  was  required,  the  calorimeter  used  for  solid  samples  was  not  suitable. 
Therefore,  a  solid  (molybdenum)  whose  thermal  conductivity  was  known 
was  placed  below  the  liquid,  and  the  heat  flow  determined  by  the  tempera¬ 
ture  drop  through  the  known  material. 

The  copper  used  for  these  measurements  was  electrolytic  tough 
pitch  copper  having  a  density  of  551.  4  Ib/ft*.  The  results  of  the  thermal 
conductivity  measurements  are  shown  in  Fig.  7  along  with  those  for  the 
solid. 

Based  on  known  theoretical  considerations,  the  thermal  conduc¬ 
tivity  of  liquid  copper  should  have  been  equal  to  0.  5  of  that  of  solid  copper, 
or  approximately  92  B  hr  ft  F  The  experimental  results  obtained 
during  this  investigation  yield  results  which  indicate  that  this  ratio  should 
be  0.  36  instead  of  0.  5.  However,  from  a  further  examination  of  the  liquid 
metal  literature,  it  appears  that  a  very  definite  need  exists  on  both  experi¬ 
mental  and  theoretical  grounds  for  further  work  in  this  field  before  the 
relationship  between  the  solid  and  liquid  thermal  conductivities  is  known. 

It  is  believed  that  the  experimental  data  are  accurate  to  within 
^  5  per  cent. 
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IV.  SPECIFIC  HEAT 


A.  Introduction 

The  values  of  specific  heat  were  derived  from  enthalpy  data  ob¬ 
tained  by  dropping  heated  samples  into  a  modified  Parr  Adiabatic  Calori¬ 
meter. 

B.  Apparatus 

A  diagram  of  the  apparatus  used  is  shown  in  Fig.  8.  The  furnace 
is  a  vertical  tube  type  purchased  from  the  Harper  Electric  Company.  The 
interior  of  the  furnace  contains  an  alundum  tube,  1-1/2  inches  inside  dia¬ 
meter,  44  inches  in  length.  The  tube  length  and  diameter  was  specified  to 
assure  a  uniform  temperature  region  surrounding  the  sample. 

The  furnace  was  heated  electrically  by  a  globar  tube,  exterior  to 
£  nd  concentric  with  the  alundum  tube.  Power  input  to  the  globar  element 
was  controlled  by  a  3-step  6-position  transformer.  An  inert  atmosphere  in 
the  furnace  interior  was  assured  by  constant  purging  A'ith  helium.  Sealing 
at  the  top  of  the  tube  was  attained  by  a  pipe  flange;  bottom  sealing  was  pro¬ 
vided  by  a  gate  valve. 

The  temperature  of  the  furnace  at  the  point  where  the  sample  was 
suspended  was  measured  by  two  platinum  platinum  10  per  cent  rhodium 
thermocouples  contained  in  protection  tubes  and  suspended  from  the  furnace 
top.  An  axial  temperature  survey  at  the  in-furnace  sample  position  indi¬ 
cated  a  temperature  gradient  of  less  than  l°F/inch,  at  a  mean  furnace  tem¬ 
perature  of  2500°F. 

As  indicated  in  Fig.  8,  the  furnace  tube  is  connected  to  the  calori¬ 
meter  by  means  of  a  1-1/2  inch  stainless  steel  pipe.  Immediately  above  the 
calorimeter  the  1-1/2  inch  pipe  was  reduced  by  a  convergent  section  to  a 
one  inch  pipe.  The  one  inch  pipe  was  inserted  into  the  receiver  for  a  length 
of  one  inch.  The  receiver,  though  modified  several  times,  is  based  on  a 

5 

design  described  by  D.  C.  Ginnings  . 


5.  Ginnings,  D.  C.  and  Corruccini,  R.  J.  Journal  of  Research  MBS 
38,  1947,  Research  Paper  1797. 
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Heat  content  of  the  sample  was  measured  by  a  Parr  Adiabatic 
calorimeter.  The  calorimeter  cover  was  modified  to  provide  entrance  to 
the  receiver,  inert  gas  tubes  and  gate  shaft. 

The  temperatures  in  the  calorimeter  and  in  the  calorimeter  jacket 
were  measured  with  calibrated  thermometers. 

C.  Calculation  of  Specific  Heat 

Specific  heat  at  constant  pressure  is  defined  by  the  equation: 

AH  =  enthalpy  change  relative  to  a  specified  datum 

T  =  temperature 

P  subscript  indicates  the  partial  derivative  at  constant  pressure. 


The  experimental  method  described  here  yields  measurements  of 
enthalpy  change  and  corresponding  temperature  level.  The  relation  between 
specific  heat  and  the  measured  quantities  is  given  by  integration  of  equation 
(1)  with  respect  to  temperature. 


dT 


(2) 


Eathalpy  change  may  be  expressed  in  terms  of  a  temperature 

function: 

AH  =  (j>(T)  (3) 


Simple  differentiation  of  <t>(T)  then  gives  .  The  expression  <j>(r)  used 
here  was  a  quadratic  of  the  form: 


AH  =  a  +  bT  +  cT^ 


(4) 


So: 


C  =  b  +  2cT  (5) 

P 

The  enthalpy  equation  <|)(T)  was  obtained  from  the  experimental  data  by  a 
least  squares  method.  The  specific  heat  function  was  determined  as  indi¬ 
cated  above.  Figures  9  and  10  present  specific  heat  values  in  the  tempera¬ 
ture  range  investigated. 
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D.  Accuracy  of  Measurements 

The  accuracy  of  the  results  is  limited  only  by  the  accuracy  of 
in-furnace  sample  temperat  re  measurements.  The  magnitude  of  error 
from  the  calorimeter  is  probably  no  more  than  one  per  cent.  This  conclu¬ 
sion  is  difficult  to  check  experimentally  because  it  was  not  possible  to 
maintain  furnace  temperatures  constant  to  less  than  5®F.  Furnace  temper¬ 
ature  variation  was  caused  by  fluctuation  in  voltage  input  to  the  furnace 
transformers. 

Measurement  of  in-iurnace  sample  temperature  was  accomplished 
by  two  platinum  platinum  10  per  cent  rhodium  thermocouples  inserted  in  pro¬ 
tection  tubes.  The  protection  tubes  were  necessary  to  prevent  contamination 
of  the  thermocouples,  and  also  to  allow  diffusion  of  oxygen  down  the  interior 
of  the  protection  tube.  The  validity  of  this  measurement  method  was  checked 
in  the  following  manner.  A  graphite  sample  was  axially  bored  to  accomodate 
an  insulated  platinum  platinum  10  per  cent  rhodium  thermocouple.  The 
sample  was  placed  in  the  normal  in-furnace  position,  and  the  temperatures 
sensed  by  the  thermocouples  enclosed  in  protection  tubes  were  compared 
with  the  thermocouple  enclosed  in  the  sample.  The  results  of  this  test  indi¬ 
cated  that  the  temperature  sensed  by  the  sample  thermocouples  agreed  with 
ttie  arithmetic  average  of  the  temperatures  sensed  by  protected  thermo¬ 
couples  to  4°F.  The  error  introduced  from  this  source  is  probably  about 
one  per  cent. 

The  combined  accura^^y  of  the  enthalpy  measurements  is,  then, 
about  two  per  cent. 

V.  SPECIFIC  HEAT  OF  LIQUID  COPPER 

The  apparatus  for  determining  the  specific  heat  of  liquid  copper  was 
the  same  as  that  used  for  the  solids.  The  only  additional  requirement  was 
that  the  sample  be  held  in  a  containing  cylinder.  The  containing  cylinder 
used  was  a  molybdenum  c^aule  4-3/4  inches  in  length  by  5/8  inch  OD  with 
a  l/l6  inch  wall.  The  bottom  of  the  container  was  welded  to  the  sides  and  a 
plug  was  fitted  to  the  top  to  provide  a  seal  against  loss  of  liquid.  The  con¬ 
tribution  of  the  molybdenum  capsule  to  the  total  heat  content  was  evaluated 
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from  the  data  measured  earlier.  The  specific  heat  values  obtained  are 
shown  in  Fig.  11  along  with  those  obtained  for  the  solid. 

VI.  LINEAR  THERMAL  EXPANSION 

The  linear  thermal  expansion  was  detei mined  by  measuring  the  dis¬ 
tance  between  two  rec rystallized  alumina  pins  mounted  in  a  rod  of  material 
to  be  evaluated. 

A.  Apparatus 

A  schematic  diagram  of  the  apparatus  is  shown  in  Fig.  12.  The 
furnace  is  heated  by  three  banks  of  globar  elements  at  the  front,  middle  and 
rear  of  the  furnace.  Each  bank  of  globar  elements  may  be  heated  indepen¬ 
dently  so  as  to  insure  a  uniform  temperature  along  the  middle  of  the  furnace. 
Preliminary  tests  indicated  that  the  variation  of  temperature  of  the  speci¬ 
mens  along  their  length  was  within  5‘'F.  The  furnace  ti. '■  .^erature  was 
measured  by  platinum  platinum  10  per  cent  rhodium  !  ‘  erna  --ouples  located 
one  inch  from  either  end  of  the  sample  and  the  sample  ten  ;;,  rature  was 
measured  by  a  thermocouple  located  in  one  end  of  the  specimen. 

The  specimen  is  mounted  in  a  ceramic  tube  in  the  center  of  the 
furnace,  with  the  ceramic  pins  pointing  upward.  In  this  position  the  line-up 
is  such  that  the  pins  may  be  seen  from  outside  the  furnace  and  the  distance 
between  them  measured  directly  with  the  telemicroscopes.  During  the  lower 
temperature  portions  of  each  run,  the  pins  are  silhouetted  against  a  lighted 
white  background  behind  the  furnace.  Once  the  interior  of  the  furnace  begins 
to  get  cherry  red,  the  lights  are  turned  off  and  the  red  pins  are  easily  seen 
against  the  now  dark  background.  A  slow  stream  of  helium  is  maintained 
into  the  ceramic  tube  supporting  the  sample  to  protect  the  sample  from 
oxidation. 

The  telemicroscopes  are  mounted  on  an  invar  bar  which  has  a 
very  low  coefficient  of  thermal  expansion  and  the  displacements  of  the  pins 
read  by  means  of  a  micrometer  to  an  accuracy  ot  0.0001  inch.  The  com¬ 
plete  assembly  is  shock  mounted  to  minimize  vibrations. 
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B.  Results 


The  thermal  expansion  of  each  material  was  measured  from  80° F 
to  slightly  below  its  melting  point  or  to  3000°F,  as  shown  in  Fig.  13.  AL  is 
the  fractional  increase  in  sample  length  and  L  is  the  sample  length  at  80°F. 


Discussion  of  Experimental  Errors 


The  measurement  of  thermal  expansion  is  an  absolute  measure¬ 
ment  and  hence  all  errors  are  inherent  in  the  apparatus  and  observer  (such 
as  incorrect  temperature  measurements  or  variations  in  the  optical  system). 
These  sources  of  error  are  considered  to  be  relatively  small  and  of  a 
random  nature. 
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THERMAL  CONDUCTIVITY  OF  METALS 
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Fig  8  schematic  OF  SPECIFIC  HEAT  APPARATl/S 
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HEAT  TRANSFER 
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D.  E.  K:iapp 
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THE  APPROACH  TO  THERMAL  EQUILIBRIUM  IN  A  LAMINAR 
HYPERSONIC  BOUNDARY  LAYER 


D.  E.  Knapp 

SUMMARY 

Availability  of  relaxation  time  measurements  makes  it  possible  to  examine 
the  approach  to  thermal  equilibrium  in  hypersonic  flow.  Non-equilibrium  con¬ 
ditions  may  occur  in  both  ballistic  and  glide  re-entry  trajectories.  In  this  paper 
the  second  case  is  considered  where  wing  leading  edges  are  assumed  to  have 
sufficient  sweep  so  that  inactive  degrees  of  freedom  are  not  excited  by  the  initial 
shock  front.  Under  this  condition  molecular  vibration  and  dissociation  do  not 
come  into  play  until  viscous  heating  in  the  boundary  layer  raises  the  air  temper¬ 
ature  above  about  4500° R.  This  case  is  thus  quite  different  from  a  ballistic 
vehicle  where  the  boundary  layer  flow  passes  first  through  a  strong  bow  shock 
wave. 

In  air  flowing  over  a  hypersonic  glide  vehicle  dissociation  of  oxygen  and  vi¬ 
bration  of  nitrogen  absorb  most  of  the  energy  stored  in  inactive  degrees  of  free¬ 
dom.  Approximate  relaxation  lengths  are  computed  for  these  two  processes 
followed  by  a  more  exact  numerical  integration  of  the  temperature  history  of  a 
particle  passing  through  the  boundary  layer. 

The  following  results  are  obtained  from  this  analysis: 

(1)  The  boundary  layer  temperature  distribution  is  significantly  different 
from  the  equilibrium  case. 

(2)  The  calculated  temperature  distribution  remains  consistent  with  the 
customary  boundary  layer  similarity  assumption. 

(3)  The  maximum  temperature  is  9500° R  compared  to  6000° R  for  an 
equilibrium  boundary  layer. 
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These  results  should  be  of  interest  in  two  problem.^  which  arise  in  connection  with 
hypersonic  glide  vehicle  design;  first,  the  evaluation  of  boundary  layer  ion  con¬ 
centration  and  second,  the  detailed  treatment  of  boundary  layer  heat  transfer. 

INTRODUCTION: 

At  the  high  temperatures  which  occur  in  hypersonic  flow  both  active  and 
inactive  degrees  of  freedom  share  in  molecular  kinetic  energy.  In  air.  trans¬ 
lational  and  rotational  motion  are  called  active  degrees  of  freedom  since  only  a 
few  collisions  between  molecules  are  required  to  reach  an  equilibrium  distribu¬ 
tion  of  energy.  Molecular  vibration,  dissociation,  and  at  extreme  temperatures 
ionization  are  called  inactive  degrees  of  freedom  because  a  very  large  number  of 
collisions  are  required  before  an  equilibrium  distribution  of  energy  among  these 
processes  is  achieved. 

The  time  lag  for  energy  absorption  by  inactive  degrees  of  freedom  may  cause 
thermal  disequilibrium  whenever  a  large  amount  of  thermal  energy  is  rapidly  added 
to  a  fluid.  This  situation  exists  both  in  a  strong  shock  wave  and  in  a  hypersonic 
boundary  layer.  The  approach  to  thermal  equilibrium  behind  shock  waves  was  ex¬ 
amined  by  Bethe  and  Teller(l)  at  a  period  when  little  experimental  information  was 
available.  Based  on  theoretical  estimates  of  the  number  of  collisions  required  to 
reach  equilibrium  among  the  active  and  inactive  degrees  of  freedom,  they  predicted 
rather  large  relaxation  lengths  behind  strong  shock  waves  in  air.  However,  they 
considered  their  most  important  result  to  be  that  the  velocity,  pressure,  temper¬ 
ature,  and  density  asymptotically  approach  equilibrium  values  which  arc  independ¬ 
ent  of  the  intervening  physical  processes. 

The  problem  of  interest  in  this  paper  is  the  approach  to  equilibrium  in  a  hyper¬ 
sonic  boundary  layer  over  a  dart  shaped  wing  at  small  angle  of  attack.  This  geome¬ 
try  has  an  element  of  simplicity  similar  to  that  of  a  planar  shock,  but  at  the  same 
time  it  is  of  practical  interest  in  the  design  of  a  boost  glide  vehicle.  For  a  dart 
shaped  wing  with  suitably  blunted  leading  edges,  the  shock  front  will  be  wrapped 
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closely  over  the  compression  surface  of  the  wing.  In  addition,  the  strength  of 
the  detached  shock  ahead  of  the  swept  leading  edge  is  about  the  same  as  the 
strength  of  the  shock  ahead  of  the  flat  lower  wing  surface.  These  shock 
strengths  are  of  course  much  below  that  of  the  nose  shock.  Now  most  of  the 
boundary  layer  flow  over  the  compression  wing  surface  passes  through  the 
weak  shock  at  the  swept  leading  edge  rather  than  the  strong  shock  at  the  nose. 

In  this  way,  energy  to  excite  inactive  degrees  of  freedom  is  supplied  almost 
entirely  by  viscous  forces  in  the  boundary  layer.  This  creates  an  element  of 
simplicity  for  the  present  problem  in  contrast  to  a  symmetric  ballistic  vehicle 
where  nearly  all  of  the  boundary  layer  flow  passes  first  through  a  strong  nose 
shock. 

AVAILABLE  EXPERIMENTAL  RESULTS: 

With  the  extensive  activity  in  shock  tube  experiments,  direct  measurements 
of  relaxation  time  or  the  time  required  for  inactive  degrees  of  freedom  to 
.  reach  equilibrium  are  now  available.  Measurements  of  relaxation  time  for 

vibration  in  ojQ^-gen  and  nitrogen  have  been  made  by  Blackman.  (2)  Relaxation 
times  for  both  vibration  and  dissociation  of  oxygen  have  been  measured  by 
Glick  and  Wurster.  In  both  experiments  the  relaxation  time  was  obtained 
by  observing  the  change  in  density  behind  a  shock  by  means  of  spark  interfero¬ 
meter  photographs.  In  Figure  1,  the  product  of  relaxation  time  and  pressure 
is  shown  plotted  against  Here  the  average  temperature  is  the  arith¬ 

metic  mean  between  the  equilibrium  temperature  and  the  temperature  when  no 
energy  is  distributed  to  the  inactive  degrees  of  freedom.  Although  Blackman 
has  found  a  small  change  in  relaxation  times  in  mixtures  of  oxygen  and  nitro¬ 
gen,  we  will  use  the  relaxation  times  for  pure  nitrogen  or  oxygen  in  the  follow¬ 
ing  analysis. 
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EVALUATION  OF  RELAXATION  PROCESSES  IN  A  HYPERSONIC  BOUNDARY 
LAYER: 

A  boundary  layer  structure  must  now  be  established  within  which  the  re¬ 
laxation  time  results  may  be  applies.  For  this  purpose  a  series  of  boundary 
layer  enthalpy  profiles  calculated  by  Royce  and  Chasel^)  for  the  boundary 
layer  over  a  flat  plate  will  be  used.  Using  the  best  available  real  gas  proper¬ 
ties,  they  integrated  the  compressible  flow  boundary  layer  equations  with  the 
following  assumptions; 

(1)  Surface  cooled  only  by  radiation 

(2)  Local  thermal  equilibrium  throughout  the  boundary  layer 

(3)  Similarity  of  velocity  and  enthalpy  profiles  in  the  direction  of  flow. 
The  enthalpy-velocity  relationships  computed  in  referenced)  are  assumed  to 
be  unchanged  as  the  non-equilibrium  boundary  layer  approaches  thermal 
equilibrium.  This  assumption  implies  that  non-equilibrium  processes 
represent  a  small  perturbation  on  the  energy  balance  in  the  boundary  layer. 

This  view  of  the  energy  balance  in  the  boundary  layer  is  in  a  sense  supported 
by  the  work  of  Lees^®),  Bromberg^®),  and  others  where  for  Lewis  number 

=  1  the  boundary  layer  heat  transfer  is  shown  to  be  independent  of  the  exact 
nature  of  the  physical  processes  in  the  boundary  layer.  As  in  the  case  of 
any  perturbation  analysis  it  will  be  necessary  to  examine  the  results  with 
respect  to  the  enthalpy  similarity  assumption. 

Figure  2  shows  two  boundary  layer  temperature  profiles.  These  were 
obtained  from  the  equilibrium  boundary  layer  enthalpy  profile  in  the  follow¬ 
ing  way.  The  upper  curve  represents  the  temperature  when  no  energy  is 
absorbed  by  inactive  degrees  of  freedom.  Since  the  boundary  layer  is  assumed 
to  be  a  constant  pressure  process,  this  curve  is  geometrically  similar  to  the 
enthalpy  profile.  The  lower  curve  represents  the  temperature  which  results 
when  an  equilibrium  distribution  of  energy  among  the  active  and  inactive 
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degrees  of  freedom  has  been  achieved.  The  temperature  profile  shown  here 
represents  a  glide  vehicle  near  maximum  altitude  and  velocity.  As  altitude 
and  velocity  decrease  the  non -equilibrium  temperature  profile  drops  steadily 
while  the  equilibrium  temperature  curve  changes  very  slowly.  It  is  clear 
that  the  difference  in  temperature  is  not  a  small  perturbation  in  the  usual 
sense  of  the  word. 

The  principal  energy  sinks  among  the  inactive  degrees  of  freedom  in  air 
in  this  example  are  dissociation  of  oj^rgen  and  vibration  of  nitrogen.  A  simple 
approximation  to  relaxation  lengths  in  the  boundary  layer  flow  field  may  be 
obtained  by  forming  the  product  of  local  velocity  and  relaxation  time  obtained 
from  Figure  1.  Results  of  this  calculation  are  shown  in  Figure  3.  The  first 
case  represents  about  the  maximum  altitude  and  velocity  short  of  orbiting 
velocity  at  which  a  glider  could  maintain  lift.  The  second  corresponds 
approximately  to  a  peak  heating  condition.  The  temperature  difference  shown. 
ATmax,  is  the  maximum  difference  between  equilibrium  and  non-equilibrium 
flow  in  the  boundary  layer.  From  these  results  two  important  conclusions  can 
be  drawn.  First,  before  flow  enters  the  boundary  layer,  that  is  for  u/uj=l, 
equilibrium  is  not  reached  within  the  length  of  a  conceivable  glide  vehicle. 

Second,  for  glide  flight  conditions  which  are  associated  with  a  significantly 
large  ATmax,  the  dissociation  of  ojq/^gen  is  the  more  rapid  process. 

With  this  background  the  temperature  histories  of  three  particles  pass¬ 
ing  through  the  boundary  layer  shown  in  the  first  part  of  Figure  3  will  be 
investigated  in  detail.  A  particle  in  the  present  use  of  the  word  really  means 
an  ensemble  of  molecules  of  oxygen  and  nitrogen  moving  through  the  boundary 
layer  as  a  group.  Also,  diffusion  of  atoms  and  molecules  will  be  neglected 
to  simplify  the  analysis.  This  approximation  is  good  as  a  particle  first  enters 
the  boundary  layer  and  becomes  progressively  worse  as  concentration  differences 
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tions  the  temperature  histories  of  imiiviilual  particles  in  the  boundary  layer  can 
be  obtained  by  stepwise  integration. 

In  Figure  4.  the  results  of  this  calculation  are  shown  for  three  particles 
at  successively  greater  distances  from  the  flat  plate  The  dashed  lines  repre¬ 
sent  the  temperature  limits  corresponding  to  equilibrium  or  non-equilibrium 
flow.  The  solid  line  between  these  limits  shows  the  progress  of  energy  distribu¬ 
tion  among  the  inactive  degrees  of  freedom  in  terms  of  the  local  temperature. 

The  temperatures  in  each  case  retain  an  approximate  similarity  structure.  Ths 
maximum  temperatures  are  the  same  in  each  case  because  they  are  governed 
by  the  extreme  temperature  dependence  of  the  dissociation  reaction  rate.  The 
temperatures  at  the  maximum  enthalpy  position  for  each  particle  are  also  nearly 
the  same  because  dissociation  of  oxygen  is  complete  and  vibration  of  nitrogen  is 
still  only  slightly  activated.  From  these  results  the  maximum  temperature  in 
the  boundary  layer  obtained  is  9500®  R  compared  to  6000®  R  for  an  equilibrium 
boundary  layer.  The  temperature  determined  here  falls  gradually  to  about 
8000°R  at  a  point  corresponding  to  the  maximum  temperature  in  an  equilibrium 
boundary  layer. 

Beyond  this  point  recombination  of  oxygen  should  begin  while  energy  con¬ 
tinues  to  be  absorbed  by  vibration  of  nitrogen.  Because  of  the  lack  of  experi¬ 
mental  data  on  recombination  rates,  the  integration  is  not  continued  in  this 
region.  However,  at  the  density  considered  here  the  gas  phase  recombination 
is  expected  to  be  a  very  slow  process,  and  a  region  of  over  dissociation  should 
exist  as  the  flow  is  further  decelerated  in  the  boundary  layer. 

These  results  are  collected  in  Figure  5  which  shows  a  logarithmic  plot  of 
the  boundary  layer  cross-section.  The  particle  paths  whose  temperature 
histories  were  determined  by  integration  are  shown  here  by  long  dashed  lines. 


The  principal  structural  ''itures  of  the  boundary  layer  which  have  been  deter¬ 
mined  are  the  regions  o‘  mum  temperature  and  of  complete  dissociation 
of  oxygen.  This  structure  is  consistent  with  the  customary  similarity  assump¬ 
tion  in  boundary  layer  theory. 
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SYMBOLS 


speed  of  sound 

M  T2 
H2  T 

2r 

w 

friction  coefficient  - 5- 

pu^ 

e 


Stanton  number 


Qw 


p  u  c  (T  -  T  ) 
e  e  p  w  aw 
e 


c  /sTc^ 

H  w 

mass  concentration  of  i^^  component 
specific  heat  of  component 


mass  diffusion  coefficient 


internal  energj' 

-  2  [(PV)^/(PU) J 

f  /  rr^ 

w  \/  w 

gravitational  constant 

condensation  coefficient 

partial  enthalpy  of  i^^  component 

thermal  conductivity 

characteristic  length 

u  /a  Mach  number 
e  e 

average  molecular  weight  of  mixture 
"’/“2 

molecular  weight  of  i^^  component 
number  of  molecules  of  i^'^  component 


P  pressure  tensor 
p  pressure 

p.  partial  pressure  of  component 

Pr  c  )Li  A 

P 

q  heat  flux  vector 

R  universal  gas  constant 

Re^  puL/p 

-1. 

r  position  vector 

Sc 

T  temperature 

u  x-directed  velocity  component 

V  y-directed  velocity  component 

center-of-mass  velocity 
diffusion  velocity 

V*  V  is  transpose  oi  V  V 

a  thermal  diffusion  coefficient 

«  disturbance  wave  length 

y  c  /c 

P  V 

AH  heat  of  sublimation 

s 

6..  Kronecker  delta 

ij 

e  emissivity 

^  i-£!L 

c  PeMe 

Ix  shear  viscosity 

p  density 

a  Stefan-Boltzmann  constant 

T  viscous  shear  stress 

^99 


Subscripts 

1 

2 

w 

aw 

e 

X 


foreign  material 

air 

wall 

adiabatic  wall 

edge  of  boundary  layer 

based  on  x-direction 
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GENERAL  CHARACTERISTICS  OF  BINARY  BOUNDARY 


LAYERS  WITH  APPLICATIONS  TO 

SUBLIMATION  COOLING 

Carl  Gazley,  Jr. 

David  J.  Masson 
Joseph  F.  Gross 

I.  INTRODUC  TION 


Recently,  the  alleviation  of  the  high  heating  rates  at  the  surface  of  hypersonic 
vehicles  has  been  recognized  as  an  important  problem.  One  of  the  cooling  methods 
that  appears  to  have  great  ultimate  promise  is  mass-transfer  cooling  -  i.  e.  ,  the  in¬ 
jection  of  a  foreign  material  from  the  surface  into  the  boundary  layer.  This  has  a 
two-fold  advantage  in  alleviation  of  the  heat-transfer  problem.  The  foreign  material 
may  absorb  heat  from  the  boundary  layer  through  a  phase  change  (sublimation)  and/or 
by  acting  as  a  dispersed  heat  sink.  It  will  be  advantageous  therefore  to  employ  sur¬ 
faces  with  high  heats  of  sublimation  as  well  as  injectants  with  high  thermal  heat  ca¬ 
pacities,  In  addition,  it  has  been  shown  that  the  introduction  of  a  material  (with  its 
normal  velocity  component)  at  the  surface  acts  to  decelerate  the  flow  and  consequently 
to  reduce  the  skin  friction.  This  also  implies  a  reduction  in  heat  transfer  at  the  wall. 

The  usual  compressible  boimdary-layer  equations  are  complicated  by  the 
appearance  of  (1)  an  equation  defining  the  conservation  of  the  species  at  any  point  in 
the  boimdary  layer,  and  (2)  transport  terms  which  result  from  thermodynamic  coupl¬ 
ing  coefficients  such  as  thermal  diffusion  coefficient,  etc.  Although  there  are  several 
ways  of  effecting  the  injection  of  a  foreign  material  into  the  boundary  layer,  only  three 
will  be  considered  here,  namely: 

1.  Transpiration  cooling 

2.  Film  cooling 

3.  Sublimation  or  ablation  cooling 
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Although  these  three  methods  all  involve  the  same  mechanism  in  the  gaseous 
phase  of  the  boimdary  layer,  there  is  a  fundamental  difference  in  the  boundary  condi¬ 
tions  at  the  wall  which  distinguish  the  three  methods  from  a  thermodynamic  as  well  as 
a  mechanical  viewpoint.  Transpiration  cooling  is  limited  by  the  separation  point  of  the 
boundary  layer  and  the  maximum  rate  at  which  the  foreign  material  can  be  pumped 
through  the  surface.  The  rate  of  fluid  injection  at  the  surface  is  arbitrarily  adjusted 
by  purely  mechaniciil  means  and  the  temperature  at  the  surface  may  be  regulated  de¬ 
pending  upon  the  injection  rate  of  the  material.  It  should  be  noted  that  a  transpiration¬ 
cooling  system  requires  pumps,  storage  tanks,  pressure  regulators,  and  accessory 
plumbing. 

A  film-cooling  system  involves  pumping  a  liquid  or  gas  onto  the  surface  through 
some  sort  of  slot  configuration  so  that  a  thin  film  of  the  material  covers  the  surface. 
This  acts  as  an  insulating  coating  and  absorbs  heat  in  its  vaporization.  These  systems 
are  usually  limited  by  such  characteristics  as  the  stability  of  the  liquid  film  or  the 
pumping  power  available.  Film-cooling  systems  require  essentially  all  the  plumbing 
and  control  equipment  of  a  transpiration-cooled  operation. 

A  sublimation -cooling  system  is  self-controlled  through  the  relation  between 
the  vapor  pressure  and  surface  temperature  of  a  solid  (the  Clausius-Clapyron  equa¬ 
tion); 

-AH 

In  Pi  =  *  B  (26) 

where 

Pj  =  vapor  pressure  of  subliming  material 

R  =  universal  gas  constant 
^Hg  =  heat  of  sublimation 

B  =  constant  of  integration 


Heat  is  absorbed  by  the  material  as  it  sublimes.  Thus,  the  heat  transfer  is  reduced 
in  two  ways:  (1)  direct  absorption  in  the  form  of  heat  of  sublimation,  and  (2)  reduc¬ 
tion  of  heat  transfer  because  of  the  mass  transfer  of  the  sublimed  material.  The  mass 
release  at  the  surface  depends  upon  the  heat  of  sublimation  and  the  temperature  of 
the  surface.  Furthermore,  the  surface  temperature  can  no  longer  be  arbitrarily  con¬ 
trolled  and,  in  fact,  will  always  find  'its  own  level’  depending  upon  the  heat  load, 
heat  of  sublimation,  and  the  particular  flow  system  in  which  we  are  interested. 

Ablation  cooling  is  a  similar  but  much  more  complex  process.  Depending 
upon  the  surface  material  and  the  flight  conditions,  it  is  possible  to  have  such  complicat¬ 
ing  effects  as  fusion  of  the  surface  material,  mechanical  erosion,  dissociation  of 
both  air  and  surface  material,  ionization,  and  chemical  reactions  between  the  com¬ 
ponents  in  the  boundary  layer.  Sublimation  cooling  is  only  a  specialized  case  of 
ablation.  The  obvious  complications  involved  in  an  analysis  of  ablating  systems  has 
prevented  any  really  accurate  description  of  the  mechanism. 

There  is  another  method  of  classifying  these  systems  which  may  be  helpful 
conceptually  -  by  specifying  the  method  of  controlling  the  rate  of  injection.  In  the  case 
of  transpiration  cooling,  as  we  have  seen,  the  rate  is  arbitrarily  controlled  depend¬ 
ing  upon  certain  mechanical  requirements  such  as  the  porous  surface  and  pumping 
power  available.  This  may  be  considered  an  arbitrarily-controlled  system.  For  a 
subliming  or  ablating  surface,  however,  the  rate  of  injection  is  determined  by  the 
heat  of  sublimation  and  the  surface  temperature.  For  a  set  of  flight  conditions  and 
a  surface  material,  the  steady-state  injection  is  fixed  thermodynamically.  We  may 
call  this  a  self-controlled  system.  Film  cooling  may  be  considered  transitional.  The 
rate  of  mass  transfer  into  the  boundary  layer  is  self-controlled  but  the  flow  rate  of 
liquid  or  gas  over  the  surface  remains  arbitrary. 


U.  BINARY  LAMINAR  BOUNDARY-LAYER  THEORY 

Baron,  Eckert,  et  al. ,  and  Sziklas  and  Banas  have  investigated 
theoretically  the  problem  of  mass-transfer  cooling  in  the  laminar  boundary  layer. 
The  introduction  of  a  species  conservation  equation  as  well  as  the  appearance  of 
thermodynamic  coupling  terms  in  both  the  species  and  energy  equations  complicates 
the  mathematical  analysis  of  the  boundary  layer.  The  equations  may  be  derived  as 
follows: 


Let  us  assume: 


1.  Two  dimensional  flow 

2.  No  dissociation,  ionization,  or  chemical  reactions  in  the 

boimdary  layer 

3.  No  external  forces 

4.  Transport  phenomena  are  linearly  dependent  upon  property 

gradients. 

5.  Fluid  medium  is  locally  homogeneous  and  isotropic 


The  species  conservation  equation  may  be  written: 


9n 


— 1  +  V  •  ni  (V  +  V^)  -  0 


Vi  = 


^12 


VCn 


m 


Cj^  C2  Vln  p  +  acj^  VIn  T 


(1) 


(2) 


where 


nj  =  number  of  molecules  of  species  i 
V  =  center  of  mass  velocity 
Vj  =  diffusion  velocity 
0!  =  thermal  diffusion  coefficient 
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p  =  pressure 


Cj  =  mass  concentration  of  component 
(  )  2  =  air 

(  )  1  =  foreign  material 
Dij  =  diffusion  coefficient 
mj  =  molecular  weight  of  i^^  component 

The  momentum  equation  is: 


where 

P  =  stress  tensor 
5  =  kronecker  delta 
V*  V  =  transpose  of  V  V 
fi  -  viscosity 

The  energy  equation  is: 

+  nE(V  ■  V)  +  V  •  "qV-P  :  V  V  (4) 

where 

E  =  internal  energy  of  system 

In  order  to  obtain  a  relationship  between  the  pressure  and  heat  flux  tensors 
and  the  d3mamics  of  the  molecular  encounters  in  the  system,  it  will  be  necessary  to 
apply  the  Boltzmann  equation  as  well  as  the  principles  of  irreversible  thermocfynam- 
ics.  The  following  approximate  relationships  are  obtained: 


305 


-  [p+l  pV  •  vj  6ij 


V  V  +  V*  V 


_  aRTcj  C2  m  n 

■q  =  -  kVT  +  (nihiVi  +  nglTgVg)  +  -  (Vi-'Vg)  (6) 


mi  m2 


where 


=  thermal  conductivity 
=  heat  flux  vector 

=  partial  enthalpy  of  i^^  component  (per  molecule) 
=  average  M.  W.  of  gas 
=  thermal  diffusion  coefficient 


The  thermal  flux  is  made  up  of  three  parts.  The  first  is  the  usual  conduction 
term  arising  as  a  result  of  the  temperature  inequalities  in  the  gas.  The  second  is 
due  to  a  transfer  of  energy  resulting  from  a  diffusion  flux  relative  to  the  mass  velocity. 
The  last  term  represents  the  heat  flux  occurring  as  a  result  of  the  concentration  and 
pressure  gradients  in  the  boundary  layer. 


These  equations  may  be  modified  to  include  the  usual  boundary-layer  assump¬ 
tions  (1)  steady-state,  (2)  boundary  layer  thickness  small  in  comparison  to  a  charac¬ 
teristic  length  along  the  surface,  (3)  small  injection  velocities  at  the  surface,  and 
(4)  no  pressure  gradient  along  the  surface.  Now  the  equations  are: 

9(pu)  9(pv) 

=  0  (7) 

ax  ay  '  ' 

au  au  a  au 


,  8T  8T  ,  8  .  8T,  .8u,2  RTam  8j,  8  „  ,  RTom  .  . 


ay  ay 
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where 


n 

h  ^  f  °12  *  “*^1 


ainT 


The  boundary  conditions  for  the  system  of  equations  indicated  above  are 
given  as  follows  from  simple  physical  considerations; 


u  =  O 


y  =  O 


u  =  u 

e 

T  = 

Cj^  =  O 


y  -  Ye 


A  transformation  of  coordinates'  '  is  now  possible  which  will  enable  us  to 
represent  all  the  variable  unknowns  as  fimctions  of  a  new  set  of  coordinates  s  and 


A 

f 

«  o 

Pe  “e  f 


Pe  dx 


The  stream  function  has  the  form; 


1/2 

^  -  (2s)  f  (TJ) 


The  equations  now  appear  as: 


(Xf")’  ff"  ^  0 


\c'^  ' 

(— ,  *  fc;  =  0 


(12a) 
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Xc  ,  Xc' 

-  (— ^  -  c  f)T' 
Pr  Sc  p 


2  2 

( - )  M  Xf" 

4  e 


C  p  n 
e  e 


M„  =  Mach  number 

®  a 


=  ^  ^2 
u  ■  T 


It  is  assumed  that  the  thermal  diffusion  coefficient  a  =  O.  Since  we  are  concerned 
with  a  seventh-order  system  of  equations,  another  boundary  condition  must  be 
specified.  It  has  been  shown  that  this  condition  may  be  obtained  by  assuming  the 
mass  velocity  of  the  air  molecules  negligible  in  comparison  to  that  of  the  foreign 
material  at  the  surface.  This  leads  to  the  relationship  that: 


■  ~  Di2 


Transforming  all  the  boundary  conditions  to  the  new  coordinates  gives: 


f’  =  2 


cj^  =  0 

T  =  1 


T?  =0 


Sc(l  -  c,  )  (— ) 
iw'  'a?] ' 
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It  should  be  noted  that  the  rate  of  diffusion  or  normal  injection  velocity  will 
satisfy  the  similarity  and  boundary  conditions  provided  that  a  constant  surface  temper¬ 
ature  is  specified.  The  amount  of  foreign  material  diffusing  away  from  the  surface  is 


given  by  Eq.  (13).  When  this  is  translated  into  the  similarity  coordinates,  the  last 
equation  in  (15)  is  obtained.  Now,  for  a  constant  wall  temperature,  examination  of 
the  equation  shows  f^  to  be  a  constant.  Furthermore,  since  f^  (pv)^  \'Re^'‘.  the 
normal  velocity  will  vary  as  just  as  it  must  to  satisfy  similarity  conditions. 

It  will  not  matter  whether  we  consider  sublimation,  evaporation,  etc.  ,  because  this 
will  only  add  a  constraint  to  our  solution  selection;  it  will  not  change  Eq.  (15). 

If  a  sublimation  or  evaporation  system  is  under  consideration,  then  it  will  be 
necessary  to  impose  a  further  condition,  namely,  between  the  wall  temperature  and 
concentration.  In  effect,  this  means  that  the  number  of  possible  solutions  will  be 
limited.  The  nature  of  this  boundary  condition  and  the  effect  of  imposing  it  on  the 
system  of  equations  will  be  discussed  in  Section  VI. 

The  system  of  equations  shown  above  has  been  transformed  into  ordinary 
non-linear  equations  and  may  be  solved  by  numerical  methods.  However,  it  is 
clear  that  for  Pr  =  Sc  -  X  -  1  the  momentum  equation  can  be  solved  independ¬ 
ently  and  solutions  of  the  form: 


T  =  T(u) 
c  =  c(u) 


(16) 


may  be  obtained.  Although  studies  show  that  the  momentum,  temperature,  and 
concentration  boundary -layer  thicknesses  are  of  the  same  order  of  magnitude,  the 
previous  assumption  is  poor  because  of  the  severe  fluctuation  in  magnitude  of  Pr 
and  X  for  mixtures.  Nevertheless,  a  simple  method  for  obtaining  the  directional 
effects  of  mass  transfer  could  be  obtained  by  permitting  a  to  vary  in  an  iterative 
scheme.  This  would  lead  to: 


T  -  T(u,x) 

c  =-  c(u,  X) 


(17) 
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It  has  been  shown  that  the  assumption  of  p  ~  T  for  air  flow  leads  to  a 
Blasius  momentum  equation  and  skin-friction  results  independent  of  Mach  number. 

A  constant  wall  temperature  also  results  in  temperature  and  velocity  functions 
dependent  upon  a  single  variable.  Baron  has  shown  that  the  equations  above  give 
similar  solutions  even  when  X,  Pr  and  Sc  vary  both  with  temperature  and  concentra¬ 
tion.  By  using  the  transformation  coordinates,  it  has  been  demonstrated  that  the 
system  of  partial  differential  equations  may  be  changed  into  a  new  system  of  inter¬ 
dependent  ordinary  differential  equations. 

(1  2  3) 

The  numerical  solutions  indicate  ’  ’  '  that  the  Stanton  number  and  skin- 
friction  coefficient  are  functions  of  a  blowing  parameter  defined  as  f^  = 

Pe  Ug 

V  Re^'  as  well  as  Mach  number  and  the  ratio  of  wall-  to  free-stream  temperatures. 
Plots  of  Cf  vRe^  and  Cjj  \/ Re  ^'against  the  blowing  parameter  show  a  definite  decrease 
with  increasing  (  -fw)-  The  amount  of  the  decrease  depends  upon  the  properties  of 
the  material  which  is  diffusing  through  the  boundary  layer. 
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m.  DISCUSSION  AND  DERIVATION  OF  GENERALIZED  EXPRESSIONS 


These  equations  have  been  solved  numerically  for  air,  water,  helium  and 

hydrogen  injection  and  the  cases  of  an  insulated  and  cooled  wall.  Before  compar- 

(2) 

ing  solutions,  it  should  be  noted  that  the  V  used  by  Eckert,  et  al.  and  Sziklas 

(3) 

and  Bai  iS  can  be  obtained  from  Eq.  (10)  by  letting  C  =  1  and  p  =  1. 

Figure  1  shows  the  effect  of  hydrogen  injection  on  the  velocity  profile.  For 
an  isothermal  boundary  layer,  a  moderate  hydrogen  injection  (ci^  =  0.2)  causes 
some  increase  in  the  boundary -layer  thickness.  The  compressible  cases  show 
much  more  pronounced  thickening  at  the  same  injection  rate,  particularly  for  the 
case  of  an  insulated  wall.  One  might  expect  the  cooled  wall  to  have  more  decelerating 
effect  on  the  boundary  layer  than  in  the  case  of  the  insulated  wall.  The  decrease  in 
the  boundary-layer  thickness,  however,  negates  this  effect.  Thus,  the  overall 
effect  of  the  flow  deceleration  is  evident  from  the  comparison  of  the  velocity  pro¬ 
files. 


A  similar  comparison  may  be  made  for  the  temperature  profiles.  Figure 
2  shows  temperature  profiles  for  -  O  and  Mg  =  12  at  a  wall  to  free-stream 
temperature  ratio  of  6.  In  the  former  case  the  wall  is,  of  course,  being  heated 
by  the  boundary  layer  and  in  the  latter  case  the  opposite  effect  occurs.  Injecting 
hydrogen  into  the  boundary  layer  reduces  the  temperature  gradient  and  the  heat 
transfer  in  both  cases.  It  should  be  noted  that,  in  general,  the  temperature,  con¬ 
centration,  and  velocity  thicknesses  are  about  the  same  size. 

From  the  appearance  of  the  ’warped’  profiles,  then,  it  will  certainly  be 
expected  that  reduced  friction  and  heat-transfer  coefficients  will  occur  as  a  result 
of  the  mass  transfer.  This  is,  in  fact,  true  and  a  typical  variation  of  the  heat- 
transfer  parameter  is  shown  in  Fig.  3.  Figure  3  presents  the  results  of  Sziklas 

(3) 

and  Banas  for  a  Mach  number  of  three,  and  the  reduction  in  heat  transfer  even 


at  moderate  values  of  the  injection  paramter,  is  seen  to  be  significant.  The  cases 
of  the  insulated  wall  and  a  wall  cooled  to  free-stream  temperature  are  indicated.  Note 
the  linear  relationship  between  the  heat -transfer  parameter  and  fw»  as  well  as  the 
fact  that  the  effect  of  the  heat  transfer  at  the  wall  on  the  Stanton  number  seems  to 
be  independent  of  the  blowing  parameter.  Figure  4  shows  the  effect  of  increasing 
Mach  number  on  the  heat  transfer  for  an  insulated  wall.  Again  it  appears  that 
Mach  number  effect  is  unaffected  by  the  blowing  parameter.  In  Fig.  5,  both  effects 
are  indicated  and,  in  addition,  the  results  of  Baron  for  an  insulated  plate  are  com¬ 
pared  with  those  of  Sziklas. 

The  effect  of  different  diffusing  materials  on  the  heat  transfer  is  shown  in 
Fig.  8.  Results  for  hydrogen,  helium,  water  vapor  and  air  are  shown.  The  light¬ 
weight,  hi^  heat-capacity  hydrogen  gives  the  most  significant  decrease  because 
(1)  high  thermal  capacity  makes  for  a  very  efficient  dispersed  heat  sink  and  (2)  light 
weight  of  gas  results  in  a  large  thickening  of  the  boundary  layer  and  hence  decrease 
in  the  heat  transfer.  These  curves  suggest  that  the  introduction  of  materials  with 
molecular  weights  higher  than  air  will  continue  the  trend  toward  less  efficient  heat- 
transfer  reduction. 

The  effects  of  blowing  parameter,  wall-  to  free-stream  temperature  ratio, 
Mach  number,  and  molecular  weight  of  injected  material  on  the  heat  transfer  has 
been  shown.  For  design  purposes  and  for  interpretation  of  experimental  work,  it 
would  be  desirable  to  have  a  imified  relationship.  What  is  required  may  be  exprssed 
as:  cjiv'Re^  =  (Mg.  T^/Tg,  f^,  mi/m2).  The  purpose  would  be  to  obtain 

a  relationship  which  is  as  simple  as  possible  -  analytically  and  graphically. 

A  first  attempt  at  generalization,  suggested  by  Baron's  parameters,  involves 

modification  of  the  heat-transfer  parameter  by  the  square  root  of  the  Chapman- 

Rubesin  constant,  C.  This  brings  together  the  Mach-number  effects  as  shown  in 

Fig.  6.  A  sinailar  modification  in  the  blowing  parameter  corrects  for  the  waU 

(3) 

temperature  as  shown  in  Fig.  7.  Here,  the  calculations  of  Sziklas  and  Banas  for 


different  Mach  numbers  and  wall  cooling  conditions  have  been  approximated  by 
the  curve  shown.  Baron’s  theory  has  been  plotted  to  show  the  comparison.  There 
is  close  correspondence  at  low  blowing  parameters.  The  slight  discrepancy  at  the 
higher  f^’s  is  caused  by  differences  in  property  evaluation,  particularly  in  the  vis¬ 
cosity  of  the  mixtures.  Such  correlations  can  be  made  for  each  injection  material 
and  the  variation  of  the  different  substances  is  shown  in  Fig.  8.  The  addition  of  a 
foreign  diffusing  material  thickens  the  boundary  layer  and,  in  fact,  it  has  been  shown 
that  the  amount  of  this  thickening  will  depend  upon  the  substance  used.  The  density 
and  velocity  of  the  diffusing  medium  will  determine  just  how  much  the  boundary- 

layer  thickness  is  increased.  A  lighter  material  will  diffuse  further  out  into  the 

(5) 

free  stream  creating  a  thick  concentration  boundary  layer.  A  previous  analysis' 
has  shown  that  the  boundary-layer  thickness  should  depend  upon  the  molecular- 
weight  at  moderate  blowing  parameters  and  the  diffusion  coefficient  at  very  low  blow¬ 
ing  rates.  On  this  basis,  it  is  possible  to  bring  together  the  effects  of  injecting 

different  materials  by  means  of  a  molecular  wei^t  parameter.  This  is  indicated 

(3) 

in  Fig.  9.  The  computed  heat-transfer  results  of  Sziklas  and  Banas  are  shown 
for  comparison  and  the  agreement  is  seen  to  be  within  5  per  cent.  The  resulting 
generalization  may  be  expressed  as: 

'  c 

0. 4  —JY/s  +  (18) 

m 

where  m  =  ^ ,  the  ratio  of  molecular  weight  of  foreign  material  and  air.  The 

m2 

friction  factor  is  included  in  the  same  figure  by  the  use  of  a  modified  Reynolds 
analogy.  For  a  Prandtl  number  of  unity,  it  can  be  shown  that,  for  both  laminar 
Couette  flow  and  laminar  boundary -layer  flow,  the  usual  Reynolds  analogy 


c 


H 


(19) 


holds  also  for  the  mass-transfer  case  provided  cji  is  based  on  an  enthalpy  differ¬ 
ence  -  rather  than  the  customary  temperature  difference.  The  use  of  the  customary 
Stanton  number  in  Fig,  9  undoubtedly  accoimts,  in  part,  for  the  modified  analogy. 
For  Prandtl  numbers  different  from  unity,  Eq.  (19)  does  not  hold.  Furthermore, 
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the  large  variation  in  the  Pr  number  through  the  boundary  layer  makes  the  usual 

assumption  of  constant  Pr  quite  imjustified.  Skin  friction  results  using  carbon 

(5) 

dioxide  and  iodine  vapor  as  injectants'  check  the  generalization  of  Eq.  (18)  to 
within  the  5  per  cent  indicated  for  the  other  computed  values. 


In  his  analysis  of  chemically  reacting  boundary  layers,  Lees'  '  introduces 
an  effective  heat  of  sublimation'  which  may  be  thought  of  as  the  actual  heat  of 
sublimation  plus  the  bonus  reduction  in  heat  transfer  due  to  the  blocking  action  of 
the  diffusing  sublimed  material.  Examination  of  Fig.  10  indicates  that  this  para¬ 
meter  may  be  considerably  greater  than  the  actual  heat  of  sublimation,  even  at 
moderate  blowing  rates.  The  abscissa,  which  has  been  modified  to  account  for  the 
different  injection  materials,  may  be  calculated  by  noting  that  it  is  equivalent  to 
the  ratio  AHgff/AHg,  where  q^  =  P  e“e®H^eff*  quantity  Hgjj,  which  has  been 
called  an  'effective  enthalpy  potential,  is: 


AH 


eff 


=  c.  (h.  -h. 
^  .  le  le  1 


6  (T  T 


)  +  ”— 
iw  2 


w 


p  u  c„ 
e  e  H 


(20) 


Equation  (20)  is  a  special  case  of  a  general  formulation  by  Lees  which  includes  chemi¬ 
cal  reactions  and  radiative  heat  transfer  from  the  gases  to  the  surface.  Therefore, 
it  would  be  possible  to  extend  these  arguments  to  a  chemical  reaction  and  radiation 

^^12  p  *^p 

system  on  the  basis  of  Lees  equations  (if- — - -  1).  Note  that  for  the  case 

where  the  convective  and  radiative  heat  transfer  are  negligible  in  comparison  to 
ui/2,  we  can  say  that  the  effective  heat  of  sublimation  becomes  larger  as  the  velocity 
of  the  free  stream  increases.  There  is  a  practical  limit  to  this,  namely,  when 
transition  occurs.  The  calculated  results  of  Cohen  and  Reshotko  for  air  injection  at 
the  stagnation  point  have  also  been  plotted  on  Fig.  10.  The  deviation  here  is  about 
10  per  cent  so  that  no  large  error  would  be  Incurred  by  using  the  same  values  for 
stagnation  or  flat -plate  calculations. 


The  temperature  recovery  factor  for  helium  and  air  injection  is  shown  in 
Fig.  11.  The  experimental  results  for  helium  and  air  are  those  of  Sziklas  and 

(3) 

Banas'  '  for  Mg  =  2.  6  on  an  insulated  wall.  The  air  data  agree  well  with  the  cal- 
(7) 

culations  of  Low.  The  experimental  helium  results  are  not  in  agreement  with  the 


314 


theory  and,  while  the  deviation  is  not  excessive,  the  effect  of  blowing  in  the  experi¬ 
mental  results  appears  opposite  to  what  one  might  expect.  Baron’s  results  for  variable 
\  and  are  shown.  The  deviation  due  to  variation  of  property  values  is  of  the  order 
of  10  per  cent.  Sziklas*  results,  for  which  =  1,  compares  essentially  with  the 
values  of  Baron.  A  generalization  similar  to  that  for  the  Stanton  number  was 
tried  (see  ITg.  12).  Here  we  note  that  the  agreement  is  not  as  good  as  for  the  heat 
transfer  parameter  and  the  curve  is  no  longer  linear  at  low  blowing  parameters. 

This  curve  can  be  expressed  as; 


These  considerations  represent  an  attempt  to  generalize  the  theoretical 
computations  of  laminar  binary  boundary -layer  characteristics.  The  results 
indicate  that  the  effects  of  different  foreign  materials  are  primarily  dependent  on 
the  relative  molecular  weight.  The  advantages  of  the  use  of  an  injected  material 
having  a  low  molecular  weight  are  apparent.  Equations  (18)  and  (21)  can  be  used 
to  predict,  for  example,  the  performance  of  various  sublimation  systems  (see 
Section  VI). 
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IV.  STABILITY  OF  THE  BINARY  LAMINAR  BOUNDARY  LAYER 


The  stability  of  the  Laminar  binary  boundary  layer  was  first  investigated 

(8) 

using  the  Lin  approximation: 


where 
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(5) 

to  calculate  the  minimum  critical  Re3molds  numbers.  This  is  the  Reynolds  num¬ 
ber  below  which  all  disturbances  are  damped  and  therefore  the  flow  will  always  be 
stable.  It  would  be  noted  that  Eq.  (22)  applies  to  an  incompressible  single-compo¬ 
nent  flow.  The  values  of  the  velocity  profiles  used  in  Eq.  (22)  were  ’incompressible* 
in  the  sense  that  they  were  functions  of  concentration  dependent  coordinates.  The 
boundary  layer  itself  was  assumed  isothermal.  It  was  assmned  that  Eq.  (22)  re¬ 
mained  valid  for  small  injection  rates,  i.  e. ,  the  disturbance  equations  were  for 
velocity  and  temperature  independent  of  the  concentration  equation.  Li  this  way, 
minimum  critical  Reynolds  number  relationships  with  blowing  parameter  and 
molecular  weight  were  obtained  (see  Fig.  13). 

(9) 

E.  E.  Covert  has  treated  this  problem  by  using  the  Tollmien-Schlichting 
perturbation  analysis,  i.  e. ,  he  lets: 

+  (24) 

where  Z  is  any  property  of  the  flow  such  as  velocity,  temperature,  etc. , 
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r  -  the  position  vector 

01  -  disturbance  wave  length 

c  =  complex  disturbance  wave  velocity 


He  showed  that  the  perturbation  equations  may  be  solved  in  exactly  the  same  manner 
as  for  a  single  component  gas  except  for  the  implicit  effects  of  the  foreign  gas  on 
the  local  flow  properties  for  relatively  small  injection  reates,  where  the  boundary 
layer  assumptions  are  still  essentially  valid.  This  justifies  the  approach  used 
above.  Covert  found  that  the  stability  characteristics  could  be  calculated  for  an 
n-component  boundary  layer  using  the  steady-state  velocity  and  density  profiles. 

For  a  given  range  of  Mach  number,  one  may  establish  a  boundary  layer  completely 
stable  to  two-dimensional  subsonic  disturbances  simply  by  cooling  the  surface.  Van 
Driest^ has  shown  that  the  wall  temperature  required  to  achieve  this  cooling  is 
obtained  under  the  condition  that 


d  /  du 
dy  ^  dl)  "  ® 


(25) 


Covert  calculated  values  of  Tw  for  different  Mach  numbers  with  fw  as  another 
parameter  (see  Fig.  14).  It  should  be  noted  that  his  calculations  are  based  on 
the  solution  of  the  inviscid  (no  viscosity)  disturbance  equations.  Helium,  carbon 
dioxide,  and  air  injection  were  considered.  Injection  of  any  material,  regardless 
of  molecular  weight,  will  cause  a  reduction  in  surface  temperature.  Since  it  has 
been  established  that  cooling  exerts  a  stabilizing  influence  on  the  boundary  layer, 
we  may  expect  an  improvement  with  respect  to  a  single-component  gas.  This 
should  be  particularly  true  for  the  injection  of  heavy  molecules  since  these  will  act  in 
a  cooling  manner  by  increasing  the  density  near  the  surface.  However,  it  is  obvious 
that  the  act  of  injection  introduces  a  disturbance  in  the  boimdary  layer  by  decelerat¬ 
ing  the  flow.  This  will  certainly  be  destabilizing  at  high  injection  rates.  Therefore, 
we  may  expect  a  counterbalancing  of  stabilizing  and  destabilizing  effects.  The  net 
result  will  depend  upon  the  efficiency  of  the  injected  material  in  cooling  the  boundary 
layer.  Figure  14  shows  the  minimum  temperature  ratio  for  the  injection  of  helium 
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as  a  function  of  Mach  number  with  fw  as  a  parameter.  It  is  indeed  so  that  for  a 
Mach  number  below  3. 5,  the  injection  reduces  the  stability  character  of  a  single 
component  layer.  However,  as  the  Mach  number  increases,  the  adiabatic  wall 
temperature  rises  very  rapidly  causing  a  high  enthalpy  region  near  the  wall.  The 
helium,  injected  into  the  hot  boundary  layer  acts  as  a  coolant  decreasing  the  enthalpy 
region  near  the  wall.  The  helium,  injected  into  the  hot  boundary  layer  acts  as  a 
coolant  decreasing  the  enthalpy  and  the  over-all  effect  is  to  increase  the  minimum 
wall -temperature  ratio.  An  interesting  point  is  that  no  amount  of  air  or  carbon 
dioxide  injection  will  increase  the  minimum  temperature  ratio.  This  agrees  with 
the  action  shown  previously  by  the  isothermal  Reynolds  number  calculations. 

(3) 

Experimental  results  are  available  for  helium  injection  in  a  IT  porous 

cone  at  Mach  =  2. 6.  At  fw  =  -  0.  11  the  profiles  were  not  yet  transitional,  but  for 

fw  =  -  0. 26,  the  inflection  point  had  definitely  appeared.  From  their  data,  the 

authors  conclude  that  |  fwj  ^  0. 15  is  the  point  at  which  transitional  profiles  appear 

for  this  particular  case.  At  the  same  Mach  number  with  air  injection,  transitional 

(12) 

profiles  appeared  at  fw  =  -  0.  28.  Leadon,  et  al. '  performed  a  series  of  tests  on  a 
20°  porous  cone  in  a  Mach  five  stream.  Results  showed  that  transition  Reynolds 
numbers  (2.  5  x  lO^)  were  about  half  as  large  as  those  on  a  similar  smooth  model. 
Furthermore,  the  transition  point  seemed  very  sensitive  to  Reynolds  number,  although 
no  correlation  was  observed  between  the  variables. 
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V.  TURBULENT  BOUNDARY  LAYER 


(15) 

Solutions  of  turbulent  boundary-layers  with  mass  injection  were  originally 

done  using  the  simple  film  theory,  applied  to  the  laminar  sublayer.  Even  though  the 

film  theory  does  not  yield  certain  details  of  the  flow,  it  predicts  the  effects  of  mass 

injection  quite  well.  More  detailed  analyses  have  since  been  carried  out  by  Dorrance 
(16)  (1*7)  (IS) 

and  Dore,  Van  Driest,  and  Rubesin  for  the  case  of  air  injection  and  by 
(19) 

Rubesin  and  Pappas  for  light  gas  injection.  Experimental  results  for  air  injection 

(20)  (21) 

have  been  obtained  by  Mickley,  et  al.  and  Leadon  and  Scott,  and  for  helium 

(21) 

injection  by  Leadon  and  Scott. 

Figure  15  shows  examples  of  the  reduction  in  Stanton  number  due  to  the  in¬ 
jection  of  air  into  the  boundary-layer  for  various  wall  to  free-stream  temperature 
ratios. 


The  effects  of  heat  transfer  and  Mach  number  can  be  correlated  by  division 

of  the  blowing  parameters  by  the  zero  mass-transfer  Stanton  number  corresponding 

to  the  various  wall  to  free-stream  temperature  ratios  and  Mach  numbers.  This  is 

shown  in  Fig.  16.  A  similar  correlation  can  be  expected  for  other  Reynolds  numbers 

(22) 

and  Mach  numbers.  The  film  theory  of  Mickley,  et  al.  with  air  injection  follows 
very  closely  the  dashed  curve  of  Fig.  16. 

For  the  case  of  injection  of  a  light  gas,  such  as  helium  or  hydrogen,  the 
reduction  in  Stanton  number  for  a  particular  value  of  the  blowing  parameter, 

(pv)^  /  pg  Ug  is  greater  than  the  reduction  for  the  case  of  air  injection,  just 
as  in  the  case  of  the  laminar  boundary-layer.  By  modifying  the  film  theory  to  take 
into  account  the  effects  of  light  gas  injection  a  similar  reduction  in  Stanton  number 
can  be  shown.  This  has  been  done  by  approximating  the  weight  concentration  of  the 
foreign  gas  in  the  sub-layer  and  taking  into  accoimt  the  variation  in  sub-layer  thick¬ 
ness  due  to  the  foreign  gas  injection.  As  a  result  of  the  inclusion  of  these  details 
in  the  expression  obtained  from  the  film  theory,  the  reduction  in  Stanton  number  is 
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shown  to  be  dependent  on  the  blowing  parameter.  (pvJ^/pgUeCjj^^  and  the  same  ratio 
of  molecular  weights  used  for  the  laminar  case.  This  variation  of  Stanton  number 
reduction,  with  blowing  parameters,  can  be  closely  approximate  by  division  of  the 
blowing  parameter  by  th«.  molecular  weight  ratio  to  the  two-thirds  power  rather 
than  the  one-third  power  as  obtained  for  the  laminar  case  The  results  for  light 
gas  injection  can  then  be  correlated  with  the  results  for  air  injection  7'he  com¬ 
parison  is  shown  on  Fig.  17.  Here  the  air-injection  results  of  Rubesin  and  Pappas 
are  given  by  the  solid  line  while  the  experimental  results  of  Leadon  and  Scott  for 
helium  injection  are  shown  by  the  dashed  line. 

For  the  case  of  a  turbulent  boundary -layer  with  mass  injection,  a  plot 
similar  to  that  made  for  the  laminar  case  shown  in  Fig.  10  can  be  made.  This  is 
shown  in  Fig.  18.  Here  the  ordinate  is  the  same  as  that  for  the  laminar  boundary- 
layer  case  and  the  abscissa  is  again  the  enthalpy  driving  force  divided  by  the  heat 
of  sublimation. 

A  comparison  of  Figs.  10  and  18  shows  that  the  'effective  heat  of  sublima¬ 
tion'  for  the  turbulent  case  does  not  increase  as  fast  with  blowing  as  that  for  the 
laminar  case.  That  is,  the  percentage  reduction  in  the  no-mass-transfer  Stanton 
number  is  less  for  the  turbulent  boundarj’-Iayer  than  it  is  for  the  laminar  boundary- 
layer. 
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VI.  SUBLIMATION  COOLING 


Although  there  has  been  a  great  deal  of  work  done  toward  solving  transpira- 

(1, 2, 3) 

tion  cooling  problems,  ’  ’  discussion  of  phase  changes  at  the  surface  have  been 
exploratory  in  nature  in  that  a  number  of  assumptions  were  made  in  order  to  indi¬ 
cate  qualitative  trends. 

(4) 

Sutton  and  Skala  have  recently  published  a  theory  of  ablating  surfaces 
which  includes  the  simultaneous  solutions  of  the  Navier-Stokes  equations  for  the 
liquid  and  gaseous  phase  (for  hypersonic  flow  conditions).  Their  method  is  as  yet 
restricted  to  the  stagnation  point  and  few  real  conclusions  have  been  drawn  con¬ 
cerning  ablating  surfaces  because  of  the  complexity  of  the  physical  mechanism. 

From  an  aerodynamic  viewpoint,  of  course,  a  subliming  surface  is  much  to  be 
desired.  Liquid  flow  on  the  surface  of  the  vehicle  could  conceivably  play  havoc 
with  transition  values  or  simply  alter  the  aerodynamic  shape  so  that  it  no  longer 
resembles  the  design  and  hence  cannot  perform  its  function  properly.  If  we  strive 
to  work  with  materials  such  as  napthalene  which  remain  essentially  firm  even  under 
extreme  temperature  conditions  then  the  added  complexity  of  a  liquid  surface  is  not 
really  necessary. 

Essentially,  a  phase  change  at  the  surface  restricts  the  boundary  condition 
of  the  problem  which  is  of  interest  here,  i.  e.  ,  the  binary  boundary  layer  with  heat 
transfer.  These  equations  have  been  derived  and  are  indicated  clearly  on  page  6. 

In  a  transpiration  system  in  which  the  boundary  layer  is  cooled  by  some  gas,  the 
rate  at  which  the  foreign  gas  enters  the  boundary  layer  is  arbitrary  and  limited 
only  by  pumping  requirements  or  boundary -layer  separation.  The  temperature  at 
the  wall  will  then  be  determined  from  the  solution  of  the  equation.  For  this  case,  the 
concentration  of  the  foreign  gas  at  the  wall  will  also  depend  only  on  the  blowing  rate 
for  a  given  material  (subject  to  the  condition  that  no  air  penetrates  the  boundary). 
This  situation  has  been  solved  for  the  case  of  air,  nitrogen,  water,  helium,  hydro¬ 
gen,  carbon  dioxide,  and  iodine  entering  the  boundary  layer. 
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Sublimation  covers  the  physical  changes  encountered  by  a  substance  in 
passing  from  a  solid  phase  to  a  gas  phase.  It  is  characterized  by  the  absence 
of  any  liquid  phase.  Referring  to  a  p-T  diagram  it  is  at  once  seen  that  sublima¬ 
tion  processes  occur  at  relatively  low  pressure  and  tempera¬ 
ture.  The  temperature  at  which  the  vapor  pressure  of  the 
solid  equals  the  total  presure  of  the  gas  phase  in  contact  with 
it  is  defined  as  the  sublimation  point.  The  snow  point  is  de¬ 
fined  as  that  temperature  at  which  the  partial  pressure  of  the 

T 

solid  is  equal  to  the  partial  pressure  of  the  substance  in  the 

gaseous  phase.  It  is  clear  then  that  interest  lies  in  the  snow  point  and  not  in  the 
sublimation  point.  In  general,  a  foreign  gas  concentration  of  unity  at  the  surface 
would  imply  a  high  blowing  rate  which  might  already  have  blown  the  boundary  layer 
off  the  surface.  The  vapor  presure  of  the  solid  will  be  a  function  only  of  the  tempera¬ 
ture  for  equilibrium  conditions.  The  curve  below  the  triple  point  will  be  of  concern 
here.  The  solid  sublimes  and  creates  a  vapor  pressure  above  it.  These  foreign 
molecules  diffuse  through  the  boundary  layer  and  change  the  heat  transfer  causing  a 
new  temperature  to  appear  on  the  surface.  This  continues  until  the  entire  system 
is  in  a  steady-state  condition,  i.  e. ,  the  heat  absorbed  by  the  subliming  material  and 
the  warpage  of  the  boimdary  layer  profiles  caused  by  the  rate  of  foreign  material 
entering  no  longer  changes. 

The  equation  relating  the  sublimation  vapor  pressure  of  a  particular  material 
to  its  temperature  is  : 


In  pj 


+  B 


(26) 


Here  AHs  is  the  latent  heat  of  sublimation  and  it  is  taken  as  independent  of  tempera¬ 
ture  for  this  case  (this  is  true  for  almost  all  practical  cases  and  certainly  good  for 
approximate  cal  dilations).  B  is  another  constant  dependent  upon  the  material  and 
the  region  of  integration  and  T  xs  the  absolute  temperature  of  the  material.  Now,  in 


the  case  of  low  pressures,  an  ideal  gas  assumption  will  be  valid  and  the  con- 
centratiui  of  the  subliming  material  above  the  solid  is: 


-AHs 

B’  e^^ 

m  P 
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(27) 


Noting  that  the  m  is  a  function  of  wall  concentration: 


-AH 


Iw 


m  -  (m  -  l)c 


Iw 


P 


RT, 


w 


(28) 


It  l.as  been  shown  previously,  however,  that  for  the  case  of  an  impermeable 
wall,  the  relationsitip  between  the  velocity  of  the  foreign  gas  and  its  concentration  at 
the  wall  can  be  derived  from  the  conservation  of  air  molecules  at  the  wall.  This  is: 


"2  "w  -  "w  °12 


w 


(29) 


If,  therefore,  a  solution  is  required,  it  must  be  noted  that  only  one  tempera¬ 
ture  will  satisfy  a  given  heat  load.  In  the  case  of  transpiration  cooling,  it  is  possible 
at  a  given  heat  load  to  vary  the  wall  temperature  by  varying  the  amount  of  material 
blown  through  the  surface.  The  problem  now  is  to  find  the  proper  wall  temperatures 
and  concentrations  for  given  heat  loads,  i.  e.  ,  free  stream  conditions. 

(13) 

Eckert  and  Hartnett  have  indicated  an  approach  to  this  problem  for  the 

(3) 

case  of  constant  fluid  properties.  This  has  been  extended  by  Sziklas  to  include 
varying  property  solutions  for  the  case  of  liquid  coolants  being  injected.  Possible 
vaporization  and/or  chemical  reaction  was  taken  into  account  in  the  Hg  term. 
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(14) 

Baron  also  made  a  study  of  the  effect  of  phase  changes  by  assuming  a  linear 
relationship  between  the  heat  absorbtion  and  the  temperature  at  which  the  phase 
change  occurs.  In  this  way  a  generalized  chart,  relating  T^,  f^,  and  the  molecu¬ 
lar  weight  was  obtained.  It  cannot  be  predicted,  however,  from  the  chart  whether 
the  physical  conditions  for  the  sublimation  are  feasible.  Sziklas,  using  a  constant 
Pr  found  dimensionless  recovery  factors  greater  than  one  for  blowing  with  helium. 
When  the  variable  property  solution  was  included,  then  none  of  the  recovery  factors 
went  above  one.  The  same  results  as  were  used  for  hydrogen  gas  cannot  be  used 
for  a  carbon  or  plastic  wall.  Earlier  it  was  shown  that  the  friction  and  heat  transfer 
coefficients  for  the  different  transpiration  systems  can  be  correlated  using  a  molecu¬ 
lar  weight  ratio  term. 

Rather  than  attempt  new  solutions,  a  preliminary  study  should  be  made  to 
determine  the  usefulness  of  soutions  now  existing.  The  heat  which  is  being  trans¬ 
ferred  to  the  surface  is 


h(T  -  T  )  =  -  k 
w  aw  w  dy 


w 


(30) 


The  amount  of  heat  must  be  absorbed  by  the  material  in  the  form  of  sublimation 
heat. 


Sv 


-(pv)  AH 
w  s 


(31) 


Now,  equating  these  terms,  the  equation  can  be  modified  to  include  more  common 
variables;  the  Stanton  number  and  the  Reynolds  number  and 


c„  (T  -  T  )  = 

H  X  aw  w 


(pv)  AH  s/Re^ 
w  s  X 


c  P  u 
pee 
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where 


Re 
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XU 
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(33) 
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c  P  u 
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(34) 


Introducing  the  blowing  parameter  which  has  been  defined  in  many  earlier 
works  as 


f  • 
w 


(pv) 


I - 1  /  V 

(p^  U  )  X 


w 


(35) 


Equation  (7)  is  now: 


f’  AH 
w _ s 

2  c 


s/rIT  c'  (T  -  T  ) 
X  H  aw  w 


(36) 


Equation  (36)  may  now  be  rewritten  by  multiplying  and  dividing  the  right 

sides  bye  \/Re  '  and  rearranging  terms: 

H  X 
o 


2(c„ 

AH  =—  AH  =  - - - - - - 

eff  c^-  s  f  * 

H  w 


(36a) 


The  AHgff  is  now  an  effective  heat  of  sublimation  which  includes  the  blocking  action 
of  the  diffusion  process. 


A  design  problem  would  probably  designate  a  maximum  surface  temperature 
and  then  require  a  suitable  ablating  material.  First  of  all,  it  is  necessary  to  con¬ 
sider  the  adaptability  of  the  material  to  withstanding  severe  structural  strain  and 
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thermal  shock.  This  could  prove  to  be  the  deciding  factor  in  the  choice  of  a  material. 
Nevertheless,  hastening  the  sublimation  and  resultant  heat-transfer  reduction  through 
the  mass-transfer  process  is  to  be  desired.  At  the  low  pressures  and  temperatures 
encountered  in  the  upper  atmosphere,  it  would  seem  that  the  conditions  for  sublima¬ 
tion  are  quite  in  order.  The  thermal  level  in  Eq.  (9)  is  quite  important  for  it  indi¬ 
cates  if  a  point  has  been  reached  at  which  the  material  will  actually  begin  to  sublimate 
First,  the  relationships  existing  between  Hs  and  the  material  and  temperature  should 
be  investigated. 


Previously,  an  approximate  result  was  obtained  which  related  the  net  heat 
transfer  to  the  surface  with  the  blowing  parameter  and  the  molecular  weight; 
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n/rT' 
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Equation  (36)  can  be  rewritten  as; 


f '  AH 
w  _ s 

2  c 


Substituting  the  expression  for  the  recovery  temperature,  Ta^v^,  of  the  wall 
in  the  last  equation: 
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Previously,  it  was  shown  that  an  expression  for  the  recovery  factor  was; 


r  -  0.031 


f  ’ 
w 


0.  885 


(21) 
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The  final  equation  gives: 


(39) 


Combining  this  with  the  relationship  for  the  concentration  at  the  wall  for  a 
given  temperature  now  uniquely  defines  a  blowing  rate  for  a  given  material  and 
presumed  flight  conditions. 

This  equation  is  awkward  but  requires  only  algebraic  manipulation  for  its 
solution.  Once,  having  specified  the  flight  conditions  (Mg,  Tg),  the  designer  may 
choose  different  materials  until  one  particular  one  suits  the  surface  temperature 
requirements  or  heat  transfer  which  will  be  specified  to  him.  Choosing  a  material 
essentially  fixes  the  heat  of  sublimation  and  the  temperature  of  the  surface  for  given 
geometry  and  flight  conditions.  The  calculated  fw  will  now  indicate  the  erosion  or 
sublimation  rate  and  permit  an  analysis  of  surface  thickness. 

Charts  may  be  set  up  in  the  following  manner.  For  different  altitudes 
(specifying  Tg  and  pg  and  geometry)  and  velocities  (Mg),  the  wall  temperature  may 
be  plotted  against  the  blowing  parameter.  In  fact,  such  solutions  have  been  obtained 
for  ice,  carbon  dioxide,  and  ferrous  chloride  for  a  whole  range  of  flight  conditions. 
The  results  (Fig.  19)  show  that  the  equilibrium  wall  temperature,  or  snow  tempera¬ 
ture,  approaches  the  sublimation  temperature  asymptotical  as  the  Mach  number  is  in¬ 
creased.  It  should  be  noted  that  the  wall  temperature  increases  much  more  rapidly 
with  decreasing  altitude  than  with  the  Mach  number.  This  is  what  one  would  expect 
from  examination  of  the  Clausius-Clapyron  Equation  for  wall  concentration  and  tem¬ 
perature.  Changes  in  altitude,  and  hence  external  pressure,  govern  the  range  of 
possible  temperatures  through  the  wall  concentration.  Once  the  altitude  has  been 
specified,  however,  the  temperature  variation  on  the  surface  is  rather  small  and  is 
limitedby  the  sublimation  temperature.  The  increased  heat  load  brought  about  by 
increasing  the  Mach  number  is  absorbed  by  larger  blowing  parameters  (increased 
surface  sublimation)  rather  than  by  large  temperature  increase. 
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Equation  (26)  is,  of  course,  dependent  on  the  condition  of  equilibrium.  As 
the  external  pressure  decreases,  the  sublimation  pressure  is  reached  very  quickly 
and  at  extremely  low  wall  concentrations.  This  implies  that  only  very  high  blowing 


rates  art  ible  at  extreme  altitudes.  This  is  not  true  because  different  condi¬ 
tions  art  .icable  at  high  altitudes.  As  the  pressure  is  reduced,  the  surface 

molecules  see  fewer  and  fewer  air  molecules.  Consequently,  the  region  over  the  sur¬ 
face  becomes  less  crowded  until  a  situation  is  reached  where  essentially  all  the 

molecules  escape  which  leave  the  surface.  In  this  case  the  sublimation  rate  will  no 

(10) 

longer  be  limited  by  diffusion,  but  will  tend  toward  the  absolute  rate  of  sublimation 


m^  = 


oe 


hf  = 
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hf  Pi  ^2ir  RT^ 
gravitational  constant 
condensation  coefficient 


(40) 


All  the  quantities  here  may  be  calculated  with  the  exception  of  hf,  the  con¬ 
densation  coefficient.  This  is  usually  determined  experimentally  and  it  has  been 
found  that  it  is  relatively  small  in  the  case  of  polar  compounds  and  close  to  unity 
for  non-polar  materials.  The  absolute  temperature  of  the  surface  will  also  be  an 
important  factor  for  it  will  determine  if  a  truly  'clean'  surface  exists.  For  T  = 
lOOO^’K  we  may  assume  that  the  absorbed  layer  is  no  longer  present  for  extremely 
low  pressures.  Therefore  the  maximum  blowing  rate  we  may  expect  is: 
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However,  in  this  case  of  rarefied  flow,  the  heating  rate  is  no  longer  affected 
by  the  efflux  of  vapor  from  the  surface.  That  is,  the  heating  rate  is  independent  of 
the  sublimation  rate.  The  surface  temperature  and  consequently  the  sublimation  rate, 
however,  adjust  themselves  so  as  to  balance  the  heat  input  by  heat  absorption  through 
sublimation.  That  is: 

q  =  -  m  AH  (42) 

e  s 


328 


where  q  is  determined  by  flight  velocity  and  altitude  and  vehicle  geometry. 


Vn.  ABLATION  COOLING 


We  have  just  considered  some  simple  solutions  to  the  sublimation  cooled 
system.  The  results  which  have  accrued  as  a  result  of  our  analysis  hold  only  in 
the  region  which  satisfies  the  rather  strict  assumptions  that  we  made.  There  may 
be  other  phenomena  occurring  simultaneously.  Ablation  then  is  also  a  self-con- 
trolled  cooling  system.  However,  the  rate  of  injection  and  the  consequent  reduc¬ 
tion  heat  transfer  are  no  longer  dependent  first  upon  the  flight  conditions  and 
material  in  the  simple  manner  described  for  the  sublimating  system.  Ablation 
cooling  includes  the  effects  of  pyrolysis,  erosion,  dissociation,  and  chemical  reac¬ 
tions.  Finally,  if  we  consider  temperatures  high  enough,  the  air  ionizes  and  the 
thermal  conductivity  increases  orders  of  magnitude  for  small  temperature  intervals. 

Because  of  the  extreme  complexity  of  this  problem,  an  empirical  approach 
may  be  used. 

An  effective  heat  of  ablation  can  be  defined  as  the  heat  transfer  rate  for  the 
no-blowing  case  at  the  actual  wall  temperature  divided  by  the  experimentally  deter¬ 
mined  mass  injection.  Now,  using  this  definition  and  considering  only  sublimation, 
one  obtains  the  effective  heat  of  sublimation  which  was  defined  in  Eq.  (36a).  We 
have  already  indicated  relationships  between  fw  and  Tw  for  the  sublimation  of  cer¬ 
tain  materials  (see  Fig.  19).  For  a  blunt  body  it  is  a  simple  matter  to  calculate 
Te(x)  and  Mg(x).  This  enables  us  to  obtain  Ha(x)  along  the  geometiy^  of  the  body. 
Such  a  calculation  could  then  be  compared  with  experimental  data  and  any  discrep- 
encies  might  then  account  for  side  effects  such  as  physical  erosion,  for  instance. 
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LAMINAR  HEAT  TRANSFER 
WITH  HELIUM  INJECTION 


LAMINAR  HEAT  TRANSFER 
WITH  HELIUM  INJECTION 
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GENERALIZED  CORRELATION  OF  HEAT  TRANSFER 

AND  SKIN  FRICTION 
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REDUCTION  IN  LOCAL  TURBULENT  STANTON 
NUMBER  DUE  TO  MASS  INJECTION  OF  AIR 

THEORY  OF  OORRANCE  AND  OORE 
R,  *  10^,  M  *5 
FLAT  PLATE 


COMPARISON  OF  REDUCTION  IN  LOCAL 
TURBULENT  STANTON  NUMBERS  FOR 
COMPRESSIBLE  AND  INCOMPRESSIBLE 
FLOW  DUE  TO  MASS  INJECTION  OF  AIR 
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Figure  #12 
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COMPARISON  OF  REDUCTIONS  IN  LOCAL  TURBULENT 
STANTON  NUMBERS  FOR  MASS  INJECTION 

OF  DIFFERENT  GASES 


Figure  #13 
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Figure  #14 
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Figure  #15 
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A  TECHNIQUE  FOR  EXPERIMENTAL  INVESTIGATION  OF  HEAT  TRANSFER  FROM  A 
SURFACE  IN  SUPERSONIC  FLOW  AT  LARGE  SURFACF-TO-FREE-STREAM  TEMFERA- 
TURE  RATIOS  -  W.  sTTradfield,  A.  R.  Hanson,  J,  J.  Sheppard,  R.  E.  Larson 

INTRODUCTION 


The  work  to  be  discussed  here  was  supported  by  OSR  from  its  inception 
at  the  University  of  Minnesota.  After  Bradfield  and  Sheppard  joined  Convair 
this  research  was  jointly  supported  by  OSR  and  the  Convair  Scientific  Research 
Department.  The  experimental  investigations  were  carried  cn  at  the  University 
of  Minnesota. 

Ihe  object  of  the  present  investigation  was  to  produce  an  experimental 
technique  suitable  for  attacking  problems  of  heat  transfer  at  high  surface 
temperatures  and  high  surface  to  free  stream  temperature  ratios  with  the  heat 
flux  direction  from  the  surface  to  the  boundary  layer  in  contrast  to  the 
usually,  but  not  always,  encountered  free  flight  case.  In  addition,  it  was 
desired  to  produce  a  technique  which  would  be  useful  In  attacking  problems 
involving  chemical  surface  reactions  in  high  speed  boundary  layer  flows  under 
the  circumstances  just  mentioned. 

In  doing  this  we  utilized  a  one  inch  free  jet  discharging  from  a  storage 
vessel  which  could  be  charged  with  helium  or  nitrogen  or  any  other  gas  of 
interest  and  we  used  conical  graphite  heated  models.  The  power  for  heating 
was  supplied  electrically;  it  was  possible  to  restrict  the  instrumentation 
to  standard  wind  tunnel  instrumentation  with  the  exception  of  an  optical 
pyrometer  with  microscope  optics,  the  latter  giving  the  necessary  resolution 
in  surface  temperature  mapping. 

At  this  stage  of  the  investigation  we  feel  that  the  apparatus  has  been 
checked  out  satisfactorily.  It  has  been  possible  to  establish  a  moderately 
hot  surface  in  a  cooling  gas  stream  which  is  chemically  homogeneous  and  of 
known  composition  and  to  make  detailed  surface  temperature  and  heat  flux 


and  mass  loss  rate  measurements. 


Preliminary  values  of  local  convective  and  radiative  heat  transfer  at 

surface  temperatures  as  high  as  3440*R  have  been  determined.  Maximum  surface 

temperatures  reached  in  a  stagnant  inert  atmosphere  have  exceeded  6200“R  and 

in  the  free  jet  at  Mach  number  2.3  have  exceeded  4700*R.  The  maximum  heat 
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flux  measured  to  date  has  been  333  Btu/ft  -sec  at  a  surface  temperature  of 
3300*R.  The  maximum  surface  to  free  stream  temperature  ratio  was  20. 

APPARATUS 


The  small  open  jet  was  chosen  as  a  flow  producer  primarily  because  it 
is  inexpensive,  experimentally  flexible,  accessible,  and  easy  to  instrument. 
The  high  temperature  of  the  test  surface  was  expected  to  predominate  the 
flow  situation  and  so  the  Mach  number  of  the  free  stream  was  considered  of 
relative  secondary  Importance.  It  was  chosen  to  be  2.3  for  air.  Conical 
geometry  was  chosen  for  the  model  because  of  the  symmetry  of  such  a  surface 
with  respect  to  the  flow,  easy  access  to  model  and  instrumentation  and  be¬ 
cause  such  models  are  comparatively  easy  to  construct.  After  a  comprehen¬ 
sive  search,  graphite  was  chosen  as  the  model  material  because  of  its 
favorable  chemical,  electrical  and  structural  high  temperature  properties 
and  because  those  properties  are  comparatively  well  established  experiment¬ 
ally.  Furthermore,  graphite  is  easy  to  obtain  and  is  easy  to  fabricate 
into  models. 

Figure  1  presents  a  diagram  of  the  free  jet  test  setup.  In  the  upper 

left  hand  corner  is  shown  a  storage  tank  which  had  a  volume  of  approximately 
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125  cubic  feet  and  could  be  pressurized  to  250  Ibs/in  gage.  It  was  charged 
with  either  nitrogen  or  helium  for  the  present  investigations.  At  the  exit 


of  the  storage  tank  there  was  a  connection  from  the  blowdown  wind  tunnel 
dry  atr  supply  system  Into  the  nozzle  w^'ich  is  shown  in  the  center  of  the 
diagram.  Thus  It  was  possible  to  supply  the  jet  with  either  nitrogen, 
helium  or  air  for  these  experiments.  Th.e  nozzle  itself  was  o'  1,1"  exit 
diameter  and  the  discharge  Mach  number  was  2.3  with  nitrogen  and  approxi¬ 
mately  2.5  with  helium.  A  model  is  shown  as  placed  in  the  flow  and  power 
connections  are  indicated  schematically  with  power  being  taken  from  the 
110  volt  line  through  a  powerstat  and  step-down  transformer.  The  maximum 
power  used  during  these  investigations  was  less  than  5  kw.  The  flow  gases 
were  exhausted  through  the  side  wall  of  the  building  by  means  of  a  bell 
mouth  as  shown  in  the  bottom  center  of  Figure  1 . 

Figure  2  is  a  view  of  one  of  the  first  model  configurations  used.  In 
the  upper  part  of  the  picture  is  shown  a  graphite  model  with  a  graphite 
center  electrode  and,  in  this  particular  configuration,  a  blunted  tip,  It 
was  found  during  the  early  cold  blast-erosion  tests  of  graphite  that  the 
very  sharp  tipped  cone  stood  up  better  under  ^last  erosion  than  did  the 
rounded  tip.  Therefore  the  sharp  tip  con f i gur at i on  was  adopted  and  used 
in  the  later  parts  of  the  investigation.  The  lower  portion  of  Figure  2 
shows  a  section  through  the  graphite  model  with  the  threaded  tip  into  which 
the  center  electrode  fits.  The  thin  portion  of  the  skin  is  the  test  section 
or  the  region  of  controlled  high  temperature  for  these  models.  Figure  3 
shows  the  latest  model  configuration  which  consists  of  a  graphite  skin,  a 
copper  center  electrode  and  a  stainless  steel  tip.  Tliis  particular  model 
failed  at  a  surface  temperature  someplace  between  A000®R  and  4500®R  and  it 
failed  at  the  thinnest  point  (t  =  0.007  inches)  of  the  test  section  at  the 


rear  of  the  test  surface  shown  typical  Iv  in  Figure  2.,  The  copper  center 


electrode  was  used  because  of  Its  combined  characteristics  of  low  electrical 
resistivity  and  high  thermal  reflectivity.  A  stainless  steel  tip  was  used 
in  this  case  since  the  different  coefficients  of  thermal  expansion  for 
stainless  steel  and  copper  permitted  the  assemblv  model  without  using 

special  wrenches. 

Figure  4  shows  the  installation  of  the  graphite  model  at  the  jet  exit. 

Ln  the  right  foreground  is  the  jet  nozzle  with  the  model  mounted  on  a  micro 
manipulator  and  with  the  heavy  current  leads  attached  to  the  model.  Maximum 
current  used  in  this  series  of  investigations  was  350  amps.  The  bell  mouth 
discharging  to  the  exterior  of  the  building  is  shown  on  the  left;  in  the 
left  foreground  the  Schlleren  optical  head  with  the  objective  lens  mount 
can  be  seen. 

Figure  5  shows  a  view  of  the  tungsten  voltage  plckoff  probe  developed 
for  use  in  obtaining  the  detailed  surface  voltage  distribution  necessary 
to  permit  the  determination  of  local  values  of  heat  flux.  In  the  heat  trans¬ 
fer  determinations  reported  herein,  the  control  region  investigated  was  not 
more  than  0.2  inch  long.  The  voltage  pickoff  probe  was  adjustable  not  only 
vertically  but  also  horizontally  by  means  of  micrometer  barrels  one  of  which 
is  shown  in  the  figure,  the  other  having  been  attached  after  the  picture  was 
taken.  By  this  means,  it  was  possible  to  make  an  accurate  determination  of 
position  of  the  tungsten  tip  of  the  voltage  pickoff  probe.  With  the  probe 
output  connected  to  the  electronic  voltmeter,  it  was  possible  to  obtain 
detailed  voltage  distributions  over  the  model  surface  during  the  heat  trans¬ 
fer  runs.  Knowing  what  the  current  flow  was  to  the  model  it  was  then 
possible  to  obtain  values  of  electrical  power  dissipated  in  relatively  small 
segments  of  the  model  skin. 
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Vlgure  6  shows  a  typical  run  setup  with  the  four -man  crew  in  position. 
The  micrometer  barrel  is  seen  here  to  the  right  center  of  the  picture  with 
the  tungsten  voltage  probe  under  it,  the  output  being  read  on  the  voltmeter 
shown  in  the  foreground.  The  gas  bottle  shown  is  a  helium  bottle  which 
permitted  a  steady  flow  of  helium  to  be  directed  into  the  interior  of  the 
model  at  all  times  between  runs  in  order  to  prevent  the  trapping  of  oxygen 
in  the  interior  of  the  model  with  subsequent  oxidation  of  the  interior 
surfaces  of  the  model  during  heated  runs. 

The  method  of  running  for  making  heat  transfer  determinations  was  to 
set  the  voltage  probe,  adjust  the  optical  pyrometer  filament  on  the  voltage 
probe  position,  start  the  blast  of  gas  and  once  flow  was  established  turn 
on  the  current,  take  the  temperature  and  voltage  measurements,  turn  off  the 
current  and  then  turn  off  the  blast.  These  runs  were  generally  of  about 
10  seconds  in  duration,  the  length  of  run  being  dictated  primarily  by  the 
necessity  of  changing  the  position  of  the  voltage  probe  between  runs.  To 
get  a  complete  distribution  of  voltage  axially  along  the  model  surface 
took  as  many  as  15  or  16  runs . 

Figure  7  shows  a  Schlieren  color  photograph  (shown  here  in  black  and 
white)  of  the  model  heated  in  the  jet.  In  this  case  the  model  test  section 
boundaries  are  clearly  shown.  The  maximum  model  surface  temperature  for 
this  run  was  approximately  4000*R  and  the  lip  shock  seen  intersecting  the 
boundary  layer  and  causing  local  separation  was  of  a  strength  such  that  an 
Increase  in  pressure  of  707,  occurred  across  it  going  downstream.  The  port 
hole  shown  in  the  darker  region  of  the  surface  was  provided  to  give  access 
to  the  interior  of  the  model  for  purpose  of  measuring  the  center  electrode 
temperature  in  this  particular  run.  The  non-uniform  distribution  of  surface 
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temperature  seen  here  is  due  to  the  fact  that  in  the  preliminary  develop¬ 
mental  model  runs  a  straight  taper  was  used  in  forming  the  skin.  This  gives 
a  parabolic  resistance  dist. ibution  axially  over  the  test  surface  and  con¬ 
sequently  a  non-uniform  surface  temperature.  This  situation  can  be  changed 
simply  by  using  contoured  reamers  for  future  models  where  uniform  surface 
temperature  or  special  distributions  are  desired. 

HEAT  FLUX  DETERMINATIONS 

In  order  to  make  heat  transfer  determinations  with  this  particular  set¬ 
up,  it  is  necessary  to  consider  heat  balance  shown  as  Figure  8.  The  con¬ 
vective  cooling  of  the  test  surfrce  shown  in  Figures  2  and  7  must  be 
determined  from  the  difference  between  the  electrical  power  dissipated  in 
local  segments  of  skin  and  the  other  losses  from  the  selected  skin  segment. 
Those  losses  consist  of  the  heat  radiated  to  the  model  exterior,  the  heat 
radiated  to  the  center  electrode,  the  heat  conducted  from  the  ends  of  the 
skin  element,  the  heat  necessary  for  any  graphite  vaporization  and  the  heat 
of  reaction  of  any  reaction  between  the  carbon  and  the  boundary  layer  gas. 

The  electrical  power  dissipated  is  given  by  the  product  of  the  local 
voltage  drop  across  the  skin  segment  and  the  current  flow.  The  heat  radi¬ 
ated  to  the  exterior  involves  knowledge  of  the  total  emissivlty  of  the 
model  surface,  the  angle  factor,  the  surface  temperature  and  environmental 
temperature.  Similarly,  the  heat  radiated  to  center  electrode  involves 
knowledge  of  the  exchange  factor,  the  angle  factor,  the  control  surface 
temperature  and  the  center  electrode  temperature.  In  cases  when  heat  con¬ 
duction  is  Ijnportant,  it  is  necessary  to  know  the  conductivity  of  the  skin 
and  the  axial  temperature  gradient.  The  last  terms  require  knowledge  of 
the  heat  of  vaporization  and  the  mass  loss  rate. 
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For  these  measurements,  the  surface  temperature  distribution  was  deter¬ 
mined  by  an  optical  pyrometer,  the  voltage  distribution  by  a  voltage  probe, 
and  the  mass  loss  rate  by  weighing.  Values  so  obtained  together  with  measured 

k 

values  of  model  geometry  were  substituted  into  the  equation  shown  in  Figure  8 
to  determine  the  convective  cooling  rate. 

Two  physical  cases  were  investigated;  one  with  undisturbed  boundary 
layer,  and  the  other  with  a  shockwave  impingement  upon  the  boundary  layer. 

Figure  9  Is  a  schlleren  in  a  black  and  white  of  the  unheated  and  heated 
flow  over  a  cone  model  in  undisturbed  boundary  layer  flow.  In  this  case 
the  jet  lip  disturbance  has  been  weakened  by  adjusting  the  jet  exit  press¬ 
ure  so  that  there  is  no  appreciable  disturbance  of  the  boundary  layer 
«  growth  rate  In  the  Ijnpingement  region. 

Hie  lower  portion  of  this  figure  shows  the  heated  region.  For  this 

particular  run  the  test  surface  temperature  was  3440*R.  The  variation  of 

2 

pressure  across  the  lip  disturbance  was  a  net  decrease  of  0.6  Ib/in  fgoing 
downstream).  Slone  the  film  was  fogged  by  radiation  from  the  model  surface, 
the  unheated  surfaces  ahead  of  and  behind  the  heated  surface  were  connected 
by  a  solid  line  and  the  boundary  layer  by  a  dashed  line.  The  thermal  bound- 
*  ary  layer  was  Increased  by  a  factor  of  about  70%  by  the  heating. 

Figure  10  shows  a  locally  separated  boundary  layer  in  both  the  unheated 
and  heated  cases.  In  this  instance  the  increase  in  pressure  across  the  lip 
shock  disturbance  was  70%  (in  the  downstream  direction).  Heating  resulted 
In  a  strong  increase  In  both  thickness  and  extent  of  separated  region  as 
can  be  seen  in  the  lower  picture.  The  shock  Impingement  region  was  approxi- 
mately  one  inch  downstream  from  the  tip  of  the  model,  which  was  Inserted 
into  the  nozzle  about  1/2"  for  these  runs. 
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The  temperature  dlstributloa  for  the  heated  case  in  Figure  10  is  shovm 
as  Figure  11.  On  the  abscissa  of  the  plot  is  shown  a  cross-section  of  the 
model  to  scale  with  a  copper  center  electrode  in  the  graphite  shell  as  run. 
Conditions  just  outside  the  boundary  layer  in  this  case  were  Mach  number 
2.1  with  a  Tj^  of  240'’R.  The  free  stream  Mach  number  is  2.3  for  this  case 
(nitrogen)  and  the  relation  of  the  model  to  the  nozzle  is  shown  also  with 
the  lip  shock  emanating  from  the  nozzle  exit  to  impinge  upon  the  graphite 
surface.  The  control  region  for  this  set  of  calculations  was  selected  as 
extending  from  0.7  inch  to  0.9  inch.  Checkpoints  are  seen  at  the  leading 
and  trailing  edges  on  the  selected  section  showing  a  scatter  of  about 
50  degrees  which  is  within  1%  of  the  surface  temperature  level. 

The  heat  transfer  results  are  shown  in  Figure  12,  The  reference  en¬ 
thalpy  method  of  Eckert^  was  used  in  calculating  theoretical  values  for 

comparison  with  the  measured  results.  In  the  case  of  the  laminar  theory 

2 

the  method  of  Lighthill  was  used  for  evaluating  the  surface  temperature 

gradient  effect  which  gave  a  factor  of  1.3  times  the  constant  surface  temp- 

3 

erature  case.  In  the  turbulent  case,  both  the  method  of  Seban  and  that  of 
4 

Rubesin  were  used.  These  methods  yl^'ldt-'i  factors  of  i.09  and  1.11  times 
the  constant  surface  temperature  case  ’■°r.  .  ctively .  For  the  shock  impinge¬ 
ment  boundary  layer,  the  experimental  value  of  the  convective  heat  flux 
2 

was  268  Btu/ft  -sec  as  compared  to  a  predicted  laminar  value  of  only 
2 

62  Btu/ft  -sec,  a  factor  of  about  4.5  times  the  predicted  laminar  value 
and  a  factor  of  about  3  times  the  turbulent  value.  This  is  an  indication 
of  the  strong  Increase  in  local  convective  heat  flux  which  can  be  expected 
under  the  circumstances  of  a  locally  separated  boundary  layer  region. 

These  results  are  incomplete  but  they  do  show  a  strong  effect  of  heat¬ 
ing  on  boundary  layer  thickness  and  they  show  likewise  a  strong  effect  of 
local  boundary  layer  separation  on  local  values  of  heat  flux.  The  agreement 
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of  the  uii  parated  laminar  boundarv  layer  convective  heat  flux  measurement 
with  laminar  theory  mav  be  ^^ortultous  at  this  stage  of  the  investigation 
and  one  should  be  cautious  about  drawing  any  general  conclusions  relative 
to  the  applicability  of  tie  reference  enthalpy  method  from  these  data 

SURFACE  DETERIORATION  STUDIES 

Surface  deterioration  from  models  operating  in  an  environment  such  as 
that  just  presented  could  be  due  to  blast  erosion,  evaporation,  chemical 
reactions  or  combinations  of  all  three.  Early  in  the  program  studies  were 
made  of  cold  blast  erosion  and  it  was  found,  using  sharp  tipped  conical 
models,  that  cold  blast  erosion  was  a  negligible  problem.  In  addition  to 
these  tests,  studies  of  coatings  of  AI2O2'  ^^3^4*  were  made  in 

helium  and  nitrogen  and  in  air.  The  aluminum  oxide  and  silicon  nitride 
models  never  progressed  beyond  the  stage  of  testing  with  free  convection 
cooling  because  the  coating  spalled  from  the  alundum  coated  model  at  temp¬ 
erature  less  than  2500®R,  and  for  the  silicon  nitride  model  at  a  tempera 
ture  less  than  4200‘’R, 

It  was  possible  to  make  meaningful  tests  with  the  silicon  carbide 
coated  model  in  comparison  with  uncoated  graphite  models  in  these  gases 
and  the  results  for  air  are  shown  in  Figure  13.  Two  runs  of  the  uncoated 
model  are  presented  here.  The  first  of  these  was  run  at  a  surface  tempera 
ture  of  2250*R  and  the  second  at  a  considerably  higher  temperature  c  Tlie 
ratio  of  carbon  mass  loss  to  free  stream  mass  flux  is  ,224  x  10  and 

C 

the  mass  flux  parameter  proposed  by  Eckert  and  Hartnett"’  is  ,00291  which 


Is  considerably  below  the  blow-off  velocity  predicted  for  either  carbon 

4r 

monoxide  or  carbon  dioxide  formation. 

The  second  series  of  runs  was  started  at  The  current  was 

held  constant  throughout  the  run  and  the  surface  temperature  increased 
throughout  the  run.  The  pyrometer  observer  noted  a  rapid  and  continuous 
increase  in  temperature  from  3250  -  4100*R  during  the  10  seconds  of  run¬ 
ning  time.  During  this  period  the  surface  appeared  to  be  sloughing  off 
in  waves  proceeding  from  the  leading  edge  to  the  trailing  edge  of  the 

test  region  as  viewed  through  the  telescope  of  the  optical  pyrometer. 

-5  2 

The  mass  loss  rate  was  500  x  10  Ibs/ft  -sec,  a  factor  of  10  higher  than 
in  the  previous  run.  The  mass  loss  parameter  in  this  case  was  .0306.* 

Run  for  comparison  with  the  uncoated  graphite  cone  was  a  silicon 
carbide  coated  graphite  cone .  It  was  run  at  3100*R  with  constant  power . 

In  this  case  the  surface  temperature  remained  constant  and  the  surface 

remained  stable.  'Rie  surface  to  free  stream  temperature  ratio  was  12; 
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the  mass  loss  rate  was  21  x  10  Ibs/ft  -sec  as  compared  to  500  x  10 

2 

Ibs/ft  -sec  for  the  uncoated  graphite  cone  starting  at  the  same  surface 
temperature,  a  factor  of  25.  The  mass  loss  parameter  value  in  the  coated 
case  is  about  .001. 

The  sum  total  of  the  results  of  the  deterioration  investigation  showed 
a  correlation  of  increasing  mass  loss  rate  with  increasing  Mach  number, 
surface  temperature  and  oxygen  content  of  the  gas  for  uncoated  graphite 
models,  although  data  points  were  sparse. 

* 

The  blow-off  limit  proposed  was 

- \  r0.03  for  C  +  0„  »  CO- 

-  \  R  -  V  ^ 

^l“l  '  *1  I  0.05  for  C  +  0  -  CO 
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Alundum  and  silicon  nitride  coatings  spalled  from  graphite  models  at 
temperatures  of  less  than  2500  and  4200“R  respectively  in  ■ ree  convection 
flow. 

Silicon  carbide  coating  of  a  graphite  model  slowed  mass  removal  hv  a 
factor  of  almost  25  for  the  present  i nves t igat ion „  A  total  of  2-1/2  min¬ 
utes  running  time  at  temperatures  up  to  3500®R  was  accumulated  on  this 
mode  1 , 


CONCLUSIONS 

In  summary  It  may  be  said  that  the  experimental  technique  presented 
provides  a  surface  of  controlled  moderately  high  temperature  in  a  flow  of 
homogeneous  and  chemically  determined  gas  at  high  speeds,, 

With  this  technique  it  is  possible  to  make  detailed  temperature  and 
power  dissipation  surveys  over  the  controlled  surface. 

Detailed  Schlleren  studies  of  processes  occurring  in  the  boundary 
layer  at  the  heated  surface  under  these  ci  rc  .imst  antes  may  be  obtained., 

It  is  possible  to  determine  mass  flux  rates  from  small  surface  areas 
with  comparatively  good  accuracy. 

Thus  it  is  possible  to  make  local  heat  transfer  determinations  and 
mass  loss  determinations  by  this  technique  for  comparison  with  the  theories 
which  are  available. 

The  present  laminar  result  shows  reasonable  correlation  with  the  refer¬ 
ence  entbalpv  method  of  predicting  local  values  of  ieat  flux  but  the  corre¬ 
lation  of  this  data  with  the  theory  must  be  suh<?t  ant  i  ated  bv  additional 
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information.  The  investigation  of  heat  flux  In  a  region  of  a  strong 
boundary  layer  shock  wave  interaction  gives  values  approximatelv  4,5 
times  higher  than  those  predicted  by  the  Laminar  theory 

Surface  deterioration  studies  Indicate  that  a  silicon  carbide  coat 
ing  on  a  graphite  surface  may  be  a  practical  inhibitor  of  surface  deter 
ioration  at  temperatures  up  to  3200“R  in  air. 
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HIGH  TEMPERATURE  STRUCTURES 


by  N.  J.  Hoff 
Stanford  University 


INTRODUCTION 

If  we  compare  the  multiplicity  of  beams,  struts,  wire  cross  bracings, 
axles  and  attachments  of  an  early  Wright  biplane  (Fig.  1)  whose  gross  weight 
was  well  under  a  thousand  pounds  with  the  smooth  monolythic  appearance  of 
a  ballistic  missile  (Fig,  2)  weighting  a  few  hundred  thousand  pounds,  we  begin 
to  wonder  whether  the  relative  importance  of  the  structural  analyst  is  not  on 
the  wane.  The  biplane  transports  and  bombers  of  the  early  days  of  aviation 
consisted  of  complex  girders  which  had  to  be  analyzed  very  much  in  accord¬ 
ance  with  the  procedures  used  by  civil  engineers  in  the  design  of  bridges.  The 
thin-walled  reinforced  monocoques  which  succeeded  them  after  1930  had,  and 
still  have,  tens  of  thousands  of  parts  in  their  skin  panels  and  longitudinal  and 
transverse  stiffeners,  attached  to  one  another  by  millions  of  rivets.  The 
analysis  of  this  complex  and  highly  redundant  structure  requires  the  services 
of  several  hundred  experts  in  structural  or  stress  analysis. 

In  contrast  a  ballistic  missile  is  essentially  an  assembly  of  true  monocoque 
shells  with  a  minimum  number  of  reinforcements  in  locations  where  concentrated 
loads  have  to  transmitted.  The  questions  arise  therefore  whether  it  is  still 
necessary  to  train  large  numbers  of  engineers  as  experts  in  aircraft  and  missile 
structures;  if  trained,  will  these  men  have  enough  to  do  in  determining  the 
strength  of  the  few  and  si.nple  structural  elements  of  the  missiles  of  the  future: 
or  will  they  be  replaced  by  a  small  number  of  experts  in  the  more  erudite  (that 
is  more  mathematical)  phases  of  theoretical  and  applied  mechanics  aided  by  a 
few  aero-thermodynamicists? 
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A  partial  answer  to  these  questions  was  of  course  given  by  the 
technical  committee  of  this  Symposium.  Had  its  members  thought  that 
structural  problems  were  unimportant,  they  would  not  have  invited  me 
to  talk  about  them.  A  more  complete  answer  can  be  found  if  one  exam¬ 
ines  in  some  detail  the  structural  problems  that  arise  from  the  new  factor 
in  structural  behavior,  the  high  temperature  caused  by  aerodynamic  heat¬ 
ing.  A  broad  survey  of  these  new  problems  is  the  major  purpose  of  this 
paper. 


Even  before  such  a  survey  is  presented  we  should  realize  that 
shifts  in  the  importance  of  various  activities  are  inevitable,  and  even 
undesirable,  if  progress  is  to  be  made.  For  instance,  the  services  of 
no  electrical  engineers  were  needed  when  the  Wright  planes  were  de¬ 
signed.  In  the  development  of  the  transports  of  the  early  thirties  the 
effort  that  went  into  the  design  of  the  electric  and  electronic  equipment 
was  an  insignificant  part  of  the  total  design  work.  On  the  other  hand,  the 
electronic  guidance,  control  and  communication  systems  of  some  of  the 
recent  missiles  are  of  such  complexity  and  importance  that  the  modem 
missile  designer  often  wonders  whether  he  is  not  just  an  aid  to  the  elec¬ 
tronics  expert.  On  this  basis  we  should  perhaps  investigate  whether 
aeronautical  engineers  as  a  group  will  not  soon  be  replaced  by  electrical 
engineers  and  physists. 

THE  NEW  LOOK  IN  AVIATION 

With  newspapers  and  technical  journals  showing  photographs  of 
firings  of  new  missiles  in  almost  every  issue,  it  is  easy  to  get  the  im¬ 
pression  that  the  present-day  conventional  airplane  will  be  entirely  super¬ 
seded  in  the  near  future  by  coni  cal -cylindrical  flying  objects  which  at  most 
will  have  a  few  small  fins  attached  to  them.  This  impression  is  false  in 
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the  sense  that  short-range  transport  and  personal  planes  are  certain  to 
remain  relatively  unchanged  by  new  developments.  They  will  have  to 
be  analyzed  by  structures  men  in  the  future  as  they  had  to  be  in  the  past. 

The  major  effort  in  aircraft  construction,  however,  will  be  in  the 
military  field,  at  least  as  long  as  warfare  is  not  eliminated  as  a  means  of 
settling  differences  of  opinion  between  nations.  Thus  the  majority  of 
engineers  working  on  aircraft  structural  analysis  will  have  to  deal  with 
military  airplanes  and  in  particular,  with  missiles. 

Some  of  the  slower  missiles  do  not  differ  very  much  from  airplanes 
in  their  structural  arrangement.  The  very  high-speed  missiles,  however, 
do  not  need  much  in  the  way  of  lifting  surfaces  to  keep  them  flying;  their 
wings  degenerate  to  small  fins  which  are  very  simple  from  the  sti*uctural 
standpoint.  Finally  the  ballistic  missile  disposes  entirely  of  wings  and  often 
also  of  aerodynamic  control  surfaces;  it  is  essentially  a  cylindrical  shell  in 
which  are  housed  the  integral  fuel  and  oxidizer  tanks,  the  rocket  motors, 
control  and  communication  equipment  and  the  payload,  that  is  the  bomb. 

But  outside  the  ballistic  missile  there  are  other  possible  means  for 
flight  over  long  distances.  One  of  them  is  the  boost  glider  recently  ad¬ 
vocated  by  H.  Julian  Allen  (Ref.  1).  In  Allen's  opinion  a  properly  designed 
vehicle  of  this  kind  is  competitive  with  the  conventional  airplane  over  ranges 
of  the  order  of  onehalf  the  circumference  of  the  earth.  It  is  boosted  by  a 
chemical  rocket  to  a  suitable  speed  and  altitude,  the  latter  being  perhaps 
100,000  to  200,000  feet,  depending  upon  the  prescribed  range,  and  glides 
from  there  to  its  destination.  As  the  wing  loading  of  such  a  glider  cannot 
be  very  high  (say  between  10  and  100  lb.  per  sq.  ft. ),  the  wind  is  likely  to 
be  large  and  complex  structurally.  Here  again  a  task  awaits  the  structural 
analyst. 


What  the  job  of  the  structures  man  will  be  in  connection  with  the 
design  of  manned  satellites,  space  platforms  and  vehicles  for  inter¬ 
planetary  or  interstellar  travel  is  yet  to  be  seen.  Entirely  different  pro¬ 
blems  have  to  be  faced  by  him  in  connection  with  the  design  of  vehicles 
bringing  back  passengers  from  space  platforms  to  the  earth. 

HIGH  TEMPERATURES  IN  STRUCTURES 

As  is  well  known,  the  new  phenomenon  that  has  to  be  taken  into 
account  in  the  structural  design  of  hypersonic  vehicles,  is  the  heating  of 
the  surface  of  the  vehicle  by  the  boundary  layer  of  the  flow.  It  is  certainly 
not  the  duty  of  the  structures  man  to  minimize  this  heating  through  suitable 
aerodynamic  design  and  the  choice  of  an  optimal  flight  path.  Aerodynamicists 
are  willing  to  take  care  of  this  problem,  and  have  found,  according  to  Allen, 
two  satisfactory  solutions.  With  the  blunt  nose  of  the  ballistic  missile  the 
drag  necessary  to  decelerate  the  vehicle  is  largely  form  drag  and  only  to  a 
small  extent  frictional  drag.  As  only  the  latter  is  responsible  for  the  aero¬ 
dynamic  heating,  most  of  the  kinetic  energy  is  dissipated  in  the  shock  wave  and 
heats  the  air  away  from  the  missile.  The  energy  balance  is  quite  different 
for  the  boost  glider  which  can  operate  efficiently  only  if  it  has  a  small  form 
drag.  But  the  flight  path  of  this  glider  is  so  chosen  that  the  structure  is  heated 
slowly  over  an  extended  period  of  time  at  high  altitudes  and  is  capable  of 
radiating  most  of  the  heat  energy  into  empty  space. 

It  is  not  quite  so  clear  who  is  responsible  for  the  solution  of  the  next 
problem,  that  of  the  distribution  of  the  heat  in  the  structure.  As  the  details 
of  the  heating  of  the  surface  depend  upon  the  temperature  distribution  in  the 
structure,  the  aerodynamicist  cannot  carry  out  the  calculations  unaided  by 
persons  who  know  about  the  design  of  the  structure.  The  interaction  between 
the  properties  of  the  boundary  layer  and  those  of  the  structure  necessitates  a 


collaboration  between  aerodynamicists  and  structures  men.  Both  of  them 
have  to  learn  a  great  deal  about  thermodynamics  or  else  they  cannot  solve 
their  common  problems. 

Once  in  the  structure,  the  heat  begins  to  flow  toward  regions  of  lower 
temperature.  The  laws  governing  this  flow  have  been  studied  by  thermody- 
namicists  for  almost  150  years.  Many  of  the  details  of  the  heat  transfer  pro¬ 
cess  in  an  airplane  or  missile  structure  however,  differ  to  such  an  extent 
from  those  to  which  heat  transfer  experts  in  the  field  of  heat  exchangers  are 
accustomed,  that  either  these  experts  must  study  airplane  structures,  or  the 
airplane  structures  men  must  learn  the  fundamentals  of  thermodynamics  be¬ 
fore  either  one  can  calculate  efficiently  the  temperature  distribution  in  the 
structure. 

The  best-knwon  mode  of  heat  transfer  is  heat  conduction.  This  alone 
was  considered  in  a  calculation  of  the  temperature  distribution  in  a  shear  web 
which  I  published  seven  years  ago  (Ref.  2).  The  results  are  shown  in  Fig.  3. 
The  shear  web  was  part  of  a  multiweb  supersonic  wing  (Fig.  4)  suddenly 
accelerated  to  M  =  3. 1  at  an  elevation  of  50, 000  ft.  Figure  3  shows  that  the 
two  edges  of  the  web  (at  0  and  9  ins.)  are  heated  up  rapidly  to  the  adiabatic 
wall  temperature  of  600®  F  while  the  temperature  of  the  middle  of  the  web 
(at  4.  5  in. )  lags  behind. 

The  analysis  was  carried  out  with  the  aid  of  a  number  of  assumptions, 
one  of  which,  at  least,  can  be  eliminated  if  the  structures  man  is  willing  to  use 
more  complex  mathematics  (see  Ref.  3).  There  remain,  however,  a  number  of 
assumptions  which  can  be  replaced  only  if  a  better  understanding  of  the  physical 
phenomena  and  better  methods  of  analysis  become  available. 
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First  among  them  is  the  assumption  that  no  heat  is  transmitted 
through  the  interior  of  the  wing  by  convection.  A  rough  estimate  made 
in  Ref.  2  indicated  that  the  total  heat  transferred  by  convection  was  of  the 
same  order  of  magnitude  as  that  transferred  by  conduction.  It  is  important 
therefore  that  methods  be  developed  for  the  analysis  of  this  phase  of  the 
heat  transfer  problem. 

A  second  simplification  in  the  original  analysis  was  the  omission  of 
the  heating  of  the  shear  web  by  radiation  from  the  hotter  coverplates. 
Radiation  is  governed  by  the  Stefan-Boltzman  law  which  can  be  written  for 
a  perfectly  black  body  in  the  approximate  form 

q  =  (1/2)  (T/1000)^  (1) 

where  T  is  the  temperature  of  the  body  in  °R  and  q  is  the  heat  emitted  in 
BTU  per  square  foot  per  second. 

Because  of  the  fourth-power  law,  radiation  must  play  a  significant 
role  in  heat  transfer  at  high  temperatures,  even  if  it  is  unimportant  at  low 
temperatures.  This  was  confirmed  by  a  simple  analysis  published  in  1956 
(Ref.  4).  In  one  set  of  calculations  it  was  assumed  that  conduction  was 
absent  and  heat  was  transferred  only  by  radiation.  This  analysis  yielded  a 
practically  uniform  temperature  distribution  over  the  web  of  a  multiweb 
wing  in  which  the  distance  between  the  webs  was  twice  the  depth  of  the  web. 
Next  radiation  was  disregarded  and  heat  transfer  by  conduction  alone  was 
taken  into  account.  This,  of  course,  resulted  in  entirely  non-uniform  web 
temperatures.  The  total  heat  gained  by  the  web  through  the  two  separate 
and  independent  processes  was  then  compared.  The  results  are  presented  in 
Table  1  in  which  the  average  web  temperature  is  given  for  a  steel  web  of 


0.  0625  in.  thickness  when  the  distance  between  coverplates  is  8  in.  , 
the  initial  temperature  of  the  structure  is  -60“  F,  and  the  coverplates 
are  suddenly  heated  to  and  subsequently  maintained  at  the  constant 
temperature  T^- 

According  to  the  table,  the  crossing  over  point  is  at  about  830“?; 
if  the  sudden  increase  in  the  coverplate  temperature  is  less  than  this  value, 
conduction  is  more  important  than  radiation  while  the  opposite  is  true  when 
the  increase  is  greater  than  830“  F. 

TABLE  I 

Comparison  of  Heating  by  Conduction 
and  by  Radiation 

Jump  in  coverplate 


temperature;  T  “F 

340 

540 

740 

940 

1140 

1340 

Time  of  heating  t  min. 

8.51 

4.87 

3.  04 

2.  02 

1.4 

1.  015 

T  “  F  radiation  only 
ave 

200 

300 

400 

500 

600 

700 

T  “  F  conduction  only 

O  XT  a 

264 

361 

390 

412 

419 

418 

ave 


Perhaps  it  is  even  more  important  to  notice  that  the  average  increase 
in  web  temperature  because  of  radiation  alone  is  as  high  as  three-quarters  of 
that  caused  by  conduction  alone  when  the  coverplate  temperature  is  only  340“  F 
This  indicates  that  the  effect  of  radiation  is  practically  never  negligible  if  the 
emissivity  of  the  surfaces  is  close  to  unity  and  if  the  space  between  the  cover¬ 
plates  is  not  filled  with  opaque  material. 

The  fact  that  much  heat  is  transferred  by  radiation  is  a  nuisance  lo  the 
analyst  since  the  Stefan -Boltzman  law  adds  a  nonlinear  term  to  the  differential 
equation  governing  heat  transfer.  Consequently  analytical  solutions  of  the 
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complete  problem  of  heat  transfer  by  simultaneous  conduction,  radiation 
and  convection  in  a  structure  do  not  appear  feasible.  Fortunately  finite 
difference  methods  are  capable  of  yielding  solutions,  particularly  if  large 
electronic  computers  are  available.  Such  methods  are  particularly  useful 
when  the  structure  has  to  be  treated  essentially  as  it  is,  that  is  without  any 
substantial  idealization.  For  complex  shapes  rigorous  solutions  have  not  yet 
been  found  even  in  the  case  of  pure  conduction. 

An  added  complication  arises  from  the  resistance  of  structural 
joints  to  the  transfer  of  heat.  Barzilay  (Ref.  5)  has  investigated  this 
problem,  but  a  complete  understanding  of  the  phenomenon  is  not  yet  forth¬ 
coming. 

THERMAL  STRESSES  AND  THERMAL  BUCKLING 

This  history  of  the  analysis  of  thermal  stresses  ;ilso  dates  back  nrior'. 
than  a  hundred  years.  Fortunately  for  the  structural  analyst  the  fundamental 
physical  facts  are  well  understood  in  this  case  and  the  mathematical  apparatus 
is  available.  The  computations  of  course  may  become  tedious  if  the  structure 
is  complicated  and  if  inelastic  strains  develop  during  the  heating,  or  during  a 
simultaneous  heating  and  loading  process. 

The  simplest  problem,  and  at  the  same  time  one  of  considerable 
practical  significance,  is  that  of  a  very  long  multiweb  wing  in  which  the 
temperature  is  constant  through  the  wall  thickness  and  in  the  spanwise 
direction.  In  consequence  of  the  variable  temperatures,  as  shown  for  instance 
in  Fig.  3,  the  individual  spanwise  fibers  would  like  to  elongate  unevenly.  They 
cannot  do  so  because  plane  sections  perpendicular  to  the  spanwise  direction 
before  heating  must  remain  plane  after  heating.  The  pull  exerted  by  the 
warmer  fibers  on  the  colder  ones  and  the  compression  caused  by  the  colder 
fibers  in  the  warmer  ones  represent  a  state  of  thermal  stress  that  can  be 
easily  calculated. 


Let  us  assume  that  the  stress  is  given  by 


cr*  =  -aE(T-T.) 


(2) 


where  a  is  the  coefficient  of  thermal  expansion  (strain  per“F),  E  is 
Young's  modulus  of  elasticity  (lb.  per  sq. in.), T  is  the  temperature 
after  heating  and  T;  is  the  initial  uniform  temperature  before  heating 
(both  in  T).  A  negative  stress  is  a  compressive  stress.  It  is  easy  to 
see  that  these  stresses  just  compensate  for  the  thermal  expansion  be¬ 
cause  the  strainer*. /E  caused  by  them  is  equal  and  opposite  to  the  strain 
th 

(T-T^)  caused  by  the  heating. 


* 

The  stress  er  would  actually  prevail  in  a  long  web  if  the  end 
th 

sections  of  the  web  were  not  allowed  to  move  because  they  were  attached 
to  rigid  walls.  The  modulus  E  multiplied  by  the  area  under  the  tempera¬ 
ture  curve  would  be  the  reaction  exerted  by  the  walls  on  the  long  shear  web. 

If  in  reality  the  ends  of  the  web  are  free,  no  such  reaction  force  can  exist. 

*  * 

This  end  condition  can  be  satisfied  if  the  average  ofo-  ,  is  subtracted  from  <r  ,  . 

^  th  th 

In  this  manner  one  obtains 


a  =  Q!E(T-T.) 
th  i 


aE(T-T.)dy 


(3) 


where  y  is  the  direction  of  the  depth  of  the  web  and  2b  is  the  total  depth. 

This  is  actually  the  thermal  stress  in  the  major  portion  of  the  web. 

In  the  immediate  vicinity  of  the  end  sections  deviations  must  occur  from  this 
pattern  because  only  the  average  stress  vanishes  there  but  not  the  stress  in 
every  point  of  the  end  section.  The  remaining  stresses  of  the  analysis  are 
self-balancing.  In  view  of  St.  Venant's  theorem  their  effect  can  extend  only 
over  a  limited  region. 
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The  exact  calculation  of  these  disturbance  stresses  is  in  principle 
rather  difficult.  Fortunately  a  set  of  orthogonal  functions  was  derived 
recently  by  Horvay  (Ref.  6)  which  reduces  the  task  to  operations  not  more 
difficult  than  multiplication  and  addition.  An  earlier  experimental  and 
theoretical  study  of  the  problem  is  due  to  Heldenfels  and  Roberts  (Ref.  7). 

The  two  methods  were  compared  and  extended  to  apply  to  plates  of  variable 
thickriess  by  Josef  Singer  (Ref.  8),  a  doctoral  student  of  the  writer  at  the 
Polytechnic  Institute  of  Brooklyn.  A  useful  result  obtained  by  Singer  is 
that  deviations  from  the  simple  pattern  of  Eq.  3  are  significant  only  in  a 
region  extending  from  the  free  end  of  the  shear  web  over  a  distance  equal 
to  the  depth  2b  of  the  web. 

The  magnitude  of  the  thermal  stresses  so  calculated  is  considerable. 

If  the  restraining  effect  of  the  coverplates  is  disregarded,  Young's  modulus 

6  6 
is  taken  as  29  x  10  psi  and  the  coefficient  of  thermal  expansion  as  6.  5  x  10 

per  *F,  the  curves  of  Fig.  3  yield  maximum  thermal  stresses  of  about 

35,  000,  54,  000,  50,  000  and  40,  000  psi  after  50, 100,  200,  and  400  sec.  of 

heating,  respectively  (see  Ref.  2).  What  is  the  effect  of  these  high  thermal 

stresses? 

If  the  temperature  is  high  enough,  the  thermal  stresses  are  likely  to 
cause  yielding.  This  is  particularly  true  if  external  loads  are  applied  at  the 
same  time.  In  an  actual  missile  or  supersonic  airplane  hi  gh  heating  rates 
and  high  loadings  are  likely  to  occur  simultaneously.  The  yielding  is  useful 
because  it  prevents  the  thermal  stresses  from  increasing  too  rapidly;  it  is 
not  very  likely  with  structural  steel  or  aluminum  alloys  that  the  limit  of 
ductility  of  the  metal  is  exceeded.  The  situation  is  quite  different  when 
refractories  are  used  as  the  material  of  structural  elements  at  high  tempera¬ 
ture.  In  these,  thermal  stresses  may  cause  fracture. 
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With  ductile  materials  the  danger  is  one  of  buckling.  Figure  5  is  a 
photograph  of  a  sheet  steel  model  of  a  wing  heated  in  100  sec.  to  a  tempera¬ 
ture  of  1100°  F  in  the  20  KW  induction  heater  of  the  Polytechnic  Institute  of 
Brooklyn.  As  only  the  coverplates  are  heated  by  induction  and  the  web  re¬ 
ceives  no  heat  except  by  conduction  from  the  coverplates  if  the  inside  of  the 
box  girder  is  filled  with  insulating  material,  the  coverplate  is  essentially  in 
compression  while  the  web  is  essentially  in  tension.  The  non-uniform  com¬ 
pressive  stresses  acting  on  a  flat  plate,  as  indicated  in  Fig.  6,  cause  buckling 
if  they  reach  a  critical  value.  The  critical  value  was  calculated  in  Ref.  10.  A 
particularly  simple  formula  was  obtained  for  the  case  when  the  stress  distri¬ 
bution  can  be  represented  accurately  enough  by  the  zeroth  and  the  second 
terms  of  a  Fourier  cosine  series; 


_  ^o-  cr 
°^cr.  ave  1  -  {p/2) 


(4) 


where  cr  is  the  critical  value  of  the  average  of  the  variable  compressive 

cr.  ave 

stress  acting  on  the  plate,  o-  is  the  critical  uniform  stress  given  by 

o.  cr 


0-  =  (  tt^E/ [3(1-  ^)]}  (t/b)^^  3.6E(t/b)^ 

o.  cr 


(5) 


with  V  Poisson's  ratio  and  t  and  b  the  thickness  and  the  width  of  the  simply 
supported  plate,  and  p  is  the  ratio  of  the  second  harmonic  of  the  stress 
distribution  to  the  average  stress  in  accordance  with  the  expression 


ave 


[  1  +  p  cos(2rrx/b)] 


(6) 


Three  critical  stress  distributions  calculated  from  these  equations  for  the 
same  plate  are  compared  in  Fig,  7,  An  experimental  confirmation  of  the 
theory  is  presented  in  Ref.  8. 

The  control  surfaces  of  some  missiles  can  be  thought  of  as  rectangular 
plan-form,  constant  thickness  plates.  As  these  plates  are  non-uniformly  heated, 
non-uniform  thermal  stresses  develop  in  them.  These  stresses  are  capable  of 
reducing  significantly  the  torsional  rigidity  of  the  surface  with  adverse  con¬ 
sequences  regarding  flutter.  Simple  formulas  expressing  this  reduction  in 
rigidity  were  derived  by  several  authors.  (Refs.  11,  12,  13). 

SHELL  ANALYSIS 

The  forward  portions  of  missiles  that  are  exposed  to  rapid  aerodynamic 
heating  are  generally  built  according  to  the  true  monocoque  principle  with  a  mini¬ 
mum  of  reinforcing  elements.  In  this  analysis  the  customary  simplifying  assump¬ 
tion  of  the  aeronautical  engineer,  namely  that  the  skin  carries  only  shear,  and  the 
normal  stresses  are  supported  by  the  stiffeners,  cannot  be  maintained.  Use  must 
be  made  therefore  of  that  branch  of  the  theory  of  elasticity  which  is  known  as  shell 
theory. 


Shell  theory  has  a  very  large  and  rather  mathematical  literature.  As  far 
as  those  problems  are  concerned  in  which  the  deformations  are  small  compared 
to  the  shell  thickness,  all  fundamental  considerations  have  been  established  with 
finality  and  the  only  difficulty  in  the  way  of  new  solutions  is  the  complexity  of 
the  equations.  Unfortunately  the  mathematical  difficulties  are  great  indeed;  as 
a  consequence,  the  only  shell  for  which  solutions  are  known  for  all  kinds  of 
loading  is  the  one  whose  median  surface  is  a  circular  cylinder. 
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But  even  for  the  circular  cylindrical  shell  the  buckling  problem  is  far 
from  a  complete  solution.  According  to  Batdorf  (Ref.  15)  critical  stresses 
predicted  by  the  classical  small -deflection  theory  are  in  good  agreement  with 
test  results  in  the  case  of  lateral  loads,  in  fair  agreement  in  the  case  of  hy¬ 
drostatic  pressure  or  torsion,  and  they  differ  considerably  from  the  experi¬ 
mental  values  when  the  load  is  axial  compression.  From  investigations  in- 
itiated  by  von  Karman  (Ref.  16)  it  is  known  that  the  non-linear  load-deflection 
relationship  characterizing  curved  plate  elements  is  responsible  for  this  dis¬ 
crepancy.  In  spite  of  considerable  research  activity  in  this  field  (see,  for  in¬ 
stance,  Ref.  17)  many  aspects  of  the  jump  phenomenon  observed  in  the  buckling 
of  shells  have  yet  to  be  explained  satisfactorily  on  the  basis  of  theory.  A  re¬ 
cent  addition  to  the  list  of  non-linear  shell  buckling  problems  is  the  effect  of 
internal  pressure  (Refs.  18  and  19)  which  is  of  considerable  importance  in 
connection  with  the  pressurized  fuel  tanks  of  missiles. 

Thermal  stresses  in  and  thermal  buckling  of  circular  cylindrical  shells 
subjected  to  temperature  changes  in  the  axial  direction  only  were  investigated 
in  Ref.  20.  Equation  4  was  again  found  to  represent  in  good  approximation  the 
critical  value  of  the  average  stress  when  the  compressive  hoop  stress  varied 
in  accordance  with  Eq.  6.  However,  Eq.  5  must  be  replaced  by  one  expressing 
the  buckling  stress  of  a  simply  supported  circular  cylindrical  shell  under  uniform 
lateral  pressure. 

Comparison  of  the  critical  stress  values  with  thermal  stress  distributions 
caused  by  rather  unfavorable  conditions  of  heating  and  support  has  shown  that 
elastic  buckling  is  most  unlikely  to  occur  when  the  temperature  varies  only  in 
the  axial  direction.  Similarly,  temperature  variations  in  the  radial  direction 
do  not  lead  to  buckling.  On  the  other  hand,  buckling  can  occur  when  the  tempera¬ 
ture  varies  in  the  circumferential  direction. 
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For  the  stress  analysis  of  missiles  many  new  solutions  of  elastic 
shell  theory  will  be  needed,  particularly  solutions  for  conical  and  cylindrical 
shells.  In  their  derivation  it  is  well  to  remember  that  the  shell  equations  should 
not  be  more  accurate  than  is  warranted  by  the  use  of  the  results  to  be  obtained. 

It  makes  little  sense  to  talk  about  rigorous  shell  equations;  they  are  the  general 
equations  of  the  three-dimensional  theory  of  elasticity.  The  term  "shell  theroy" 
means  a  simplified  set  of  equations  derived  from  the  general  theory  of  elasticity 
with  the  aid  of  the  assumption  that  the  wall  thickness  is  small  compared  to  the  other 
dimensions.  In  this  sense  every  shell  theory  is  approximate. 

CREEP 

The  least  explored  and  most  controversial  issue  in  the  design  of  structures 
for  high  temperatures  is  the  creep  phenomenon.  The  easiest  thing  for  the  stress 
analyst  to  do  is  to  recommend  the  replacement  of  any  material  that  creeps  at  the 
temperature  to  be  encountered  by  a  better  material  that  docs  not  creep.  Unfor¬ 
tunately  the  designer  will  run  out  of  materials  very  soon  if  he  tries  to  adopt  this 
attitude.  Moreover,  creep  strains  of  the  order  of  magnitude  of  the  elastic  strains 
should  not  often  interfere  with  the  proper  functioning  of  the  structure.  Yet  they 
suffice  to  alter  considerably  the  stress  distribution  in  statically  indeterminate 
structural  elements. 

The  reason  for  this  effect  of  creep  is  that  the  creep  strains  are  not  linear 
functions  of  the  stress.  As  the  stress  distribution  is  governed  equally  by  the 
equations  of  equilibrium  and  by  the  law  of  deformations,  naturally  replacement 
of  Hooke's  linear  relationship  between  stress  and  strain  by  one  that  involves  in 
a  non-linear  manner  the  quantities  stress,  strain,  strain  rate,  temperature  and 
time  must  result  in  a  modification  of  the  stress  distribution. 


This  is  one  of  the  reasons  why  the  very  convenient  appearing  pre¬ 
sentation  of  creep  data  in  the  form  of  curves  representing  the  time  necessary 
to  reach  a  prescribed  strain  under  the  action  of  a  given  stress  is  not  suffi¬ 
cient  for  a  complete  structural  analysis.  The  information  would  suffice  if 
an  analysis  based  on  elasticity  theory  would  yield  the  correct  stresses  in  the 
structure,  and  if  these  stresses  would  remain  unchanged  while  creep  took 
place.  But  the  initial  elastic  stress  distribution  keeps  changing  during  the 
creep  process  and  thus  creep  data  under  variable,  rather  than  constant, 
stress  conditions  are  needed. 

Results  obtained  from  the  conventional  tensile  creep  test  have  other 
shortcomings  also.  These  results  must  be  generalized  in  a  number  of  ways 
before  they  can  be  considered  satisfactory  for  structural  analysis. 

Figure  8  shows  the  shape  of  the  usual  creep  curve  obtained  from  a  tensile 
creep  test  carried  out  at  constant  stress  and  constant  temperature.  Load  appli¬ 
cation  at  t  =  0  causes  an  instantaneous  elastic,  and  sometimes  also  plastic,  de¬ 
formation  which  is  followed  by  creep  elongations  whose  time  rate  decreases 
rapidly  with  time.  This  phase  of  creep  is  the  primary  phase.  In  the  secondary 
phase  the  rate  of  change  of  the  length  of  the  test  specimen  is  a  constant,  and 
in  the  tertiary  phase  the  rate  increases  again  until  the  bar  ruptures  (see  Ref.  21). 

Perhaps  the  most  popular  representation  of  the  dependence  of  the  steady 
creep  rate  on  the  applied  stress  is  the  formula 

€  =((r/X)"  (7) 

where  e  is  the  rate  of  change  of  the  strain  with  time,  a  is  the  applied  stress,  and 
X  and  n  are  material  constants.  On  the  basis  of  logic  there  is  no  objection  to  a 
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generalization  of  this  formula  to  apply  not  only  when  cr  is  constant  but  also  when 
it  varies  with  time,  although  it  would  be  a  little  rash  to  assume  that  all  structural 
materials  are  willing  to  submit  to  this  law.  But  an  entirely  different  kind  of  a 
difficulty  arises  when  one  wants  to  generalize  the  most  popular  law  of  primary 
creep,  namely 


n  1/p 

e  =((r/A)  t  ^  (8) 

Here  «  is  the  creep  strain,  cr  the  stress,  t  the  time  counted  from  the  load 
application,  and  n,  p  and  X  are  constants.  Just  to  give  the  order  of  magnitude 
of  these  quantities  one  may  quote  10,000  to  50,000  psi  for  X,  3  to  10  for  n  and 
2  to  3  for  p. 

If  this  law  were  assumed  to  be  valid  even  for  a  variable  cr,  logically 
inconsistent  results  would  be  obtained.  Assume  that  during  the  period 
0  <  t  <  t^  the  applied  stress  is  cr^ ,  and  this  value  is  changed  to  o-^  when 
t  =  t^.  Just  before  the  change  in  stress  the  creep  strain  is 


and  immediately  after  the  change  it  is 

At  t  the  creep  strain  changes  therefore  suddenly,  and  if  o-  /cr  =2  and 
2  2  1 

n  =  3,  its  value  jumps  to  8  times  its  original  value  in  an  extremely  short 
time.  As  creep  strains  can  develop  only  gradually,  the  predictions  of  Eq.  8 
are  incompatible  with  our  experience.  As  a  matter  of  fact  any  creep  strain 
law  containing  time  in  an  explicit  form  is  logically  inconsistent. 


A  logically  correct  interpretation  of  Eq.  8  can  be  given  if  it  is 

assumed  that  it  defines  uniquely  the  creep  rate  at  a  given  stress  and  a 

given  strain.  Assume  that  the  loads  are  applied  to  the  specimen  in 

accordance  with  Fig.  9.  If  the  creep  curves  of  Fig.  10  are  established 

in  tests  with  the  constant  stresses  a. ,  cr_  and  o-  ,  the  strain  history  of 

our  variable  stress  specimen  can  be  found  in  the  following  manner;  from 

t  -  0  to  t  =  t^  the  creep  strain  develops  in  accordance  with  the  curve 

labeled  cr  .  At  that  time  the  stress  is  suddenly  changed  to  a  and  with  it 
A  B 

the  strain  rate  suddenly  changes  to  that  corresponding  to  the  slope  of  the 

<r  curve  at  the  intersection  with  the  horizontal  dotted  line  c  €  but  the 
B  1 

strain  itself  remains  continuous.  From  t  =  t  to  t  =  t  the  strain  history 

^  «5 

is  represented  by  the  curve  labeled  a  .  At  t  =  t  a  second  jump  occurs  in 

B  2 

stress  and  strain  rate  in  accordance  with  the  horizontal  dotted  line  t  =  e  . 
From  there  on  the  strain  follows  curve  ir  . 

This  interpretation  of  the  primary  creep  phenomenon  leads  to  a 
simple  expression  for  the  creep  rate.  The  slope  of  the  cr  =  constant  curve 
can  be  obtained  from  Eq.  8  through  differentiation  with  respect  to  t  with  o- 
held  constant: 


€  =(l/p)  ((rA)"t^^  '  (9; 

If  Eq.  8  is  solved  for  t  and  the  value  obtained  is  substituted  in  Eq.  9,  the 
result  is: 


1  (crA)"^ 
P  ^  P-1 


(10) 


Equation  10  represents  the  relationship  sought  between  the  creep 
rate,  the  instantaneous  value  of  the  creep  strain,  and  the  instantaneous  value 
of  the  stress.  It  i$  logically  consistent  to  assume  that  this  formula  is  valid 
for  variable  stress  because  the  assumption  does  not  lead  to  illogical  conclu  - 
sions.  When  the  material  follows  such  a  law  in  its  creep  behavior  it  is  said 
that  for  it  a  mechanical  equation  of  state  exists.  Equation  10  is  indeed  a 
useful  tool  in  the  hands  of  the  airplane  structural  analyst  although  he  should 
not  believe  that  every  structural  material  will  comply  with  the  equation. 

Indeed  it  is  just  as  correct  from  the  standpoint  of  pure  logic  to 
stipulate  that  at  t  =  t^  the  strain  rate  changes  along  a  vertical  rather  than 
along  a  horizontal,  but  the  strain  remains  constant.  Physically  this  means 
that  the  mechanical  changes  in  the  material  (the  elongation)  do  not  have  an 
effect  upon  the  strain  rate;  what  counts  is  simply  the  time  of  exposure  to  the 
high  temperature.  It  is  certainly  known  that  this  latter  effect  is  very  impor¬ 
tant  with  all  the  precipitation-hardened  aluminum  alloys. 

If  this  second  hypothesis  is  maintained,  the  creep  rate  is  given 
logically  correctly  by  Eq.  9  rather  than  Eq.  10.  (Note  that  in  Eq.  9  time 
appears  explicitly  in  a  strain  rate  formula,  not  in  a  strain  formula).  Of 
course,  in  reality  both  the  time  of  exposure  and  the  creep  strain  may  in¬ 
fluence  the  creep  rate  and  much  more  theoretical  and  experimental  work  is 
needed  before  the  issue  can  be  settled.  Notably  a  better  understanding  of  the 
solid-state  physical  aspects  of  the  creep  process  is  desirable. 

As  in  plate  and  shell  structures  the  state  of  stress  is  two-,  and 
sometimes  even  three-dimensional,  the  uniaxial  empirical  creep  laws 
must  be  generalized  to  apply  to  these  more  complex  situations.  This  can 
be  done  purely  formally  in  a  mathematically  consistent  manner,  and  as  a 
matter  of  fact,  such  a  generalization  was  proposed  by  Odqvist  in  1936 


(see  Ref.  22).  In  a  more  recent  article  Prager  (Ref.  23)  established  the 
most  general  three-dimensional  deformation  laws  for  an  incompressible 
plastic  material  that  strain-hardens  isotropically.  This  approach  was 
taken  over  by  the  author  (Ref.  24)  to  describe  creep  deformations. 

The  general  creep  law  can  be  given  in  the  form 

E  =  f(J^. J3)  [glJ^.J^lT  +  r(J2J3)S]  (11) 

where  E  is  the  strain  rate  tensor,  S  the  stress  deviation  tensor  and  the 
tensor  T  is  defined  as 


2 

T  =  S  -  (2/3)  J  I  (12) 

A 

The  second  and  third  invariants  of  the  stress  deviation  tensor  are  denoted 
J  and  J  ,  f  is  an  arbitrary  function  and  g  and  r  are  polynomial  functions 
of  the  invariants  of  the  stress  deviation  tensor. 

We  are  still  very  far  from  having  sufficient  theoretical  or  experi¬ 
mental  information  regarding  the  functions  f,  g,  and  r.  For  the  time  being 
it  appears  satisfactoiy  therefore  to  replace  the  general  relationship  of  Eq.  11 
by  the  much  simpler  one 


E=kJ^ 

2 


(13) 


The  situation  looks  a  little  brigher  when  it  comes  to  establishing  the 
effect  of  temperature  upon  the  creep  rate.  Of  the  various  suggestions  made 
it  should  suffice  to  quote  the  one  advocated  by  Dom  (Ref.  25); 


^  -AH/RT 
f(o-)e 


(14) 


where «  is  the  creep  strain  rate  with  time,  f((r  >  an  empirical  function  of  the 
stress  e  the  base  of  natural  logarithms,  AH  the  activation  energs^  R  the 
universal  gas  constant,  and  T  the  absolute  temperature.  For  aluminum 
alloys  AH/R  is  about  10,  000*’ R. 

In  the  foregoing  pages  the  shortcomings  of  our  knowledge  of  the 
creep  process  were  emphasized  and  not  our  achievements.  Yet  consider¬ 
able  progress  has  been  made  in  establishing  tools  for  stress  analysis  in 
the  form  of  elastic  and  plastic  analogues  and  minimal  principles.  With  their 
aid  a  number  of  stress  problems  have  been  successfully  solved.  Concise 
summaries  of  some  of  these  developments  are  given  in  Refs.  21,  24  and  26. 

CREEP  BUCKLING 

Buckling  analysis,  in  general,  can  be  carried  out  in  one  of  several 
different  ways.  In  one  approach,  the  column  is  assumed  to  be  perfectly 
straight  and  homogenious,  and  perfectly  centered.  At  a  time  t  =  0  the  perfect 
equilibrium  of  the  system  is  disturbed,  for  instance  by  a  sudden  application 
of  a  large  lateral  load  which  is  permitted  to  act  for  only  a  very  short  time. 

This  impact  gives  the  column  a  lateral  velocity;  if  after  the  lapse  of  a  reason¬ 
able  length  of  time  this  lateral  velocity  subsides  and  the  column  returns  close 
enough  to  its  original  equilibrium  position,  the  equilibrium  is  considered 
stable.  On  the  other  hand,  if  the  deviations  from  the  initial  straight-line 
configuration  increase  with  time,  the  column  is  unstable. 

In  the  light  of  a  very  strict  interpretation  of  this  criterion  every  coluntm 
is  unstable  if  its  material  is  subject  to  creep.  If  the  initial  impact  brings  its 
centerline  into  the  position  indicated  by  y^  in  Fig.  11,  the  bending  moment  Py 
gives  rise  to  creep  in  bending,  and  when  the  elastic  forces  start  to  swing  the 
column  back  toward  the  straight-line  position,  the  natural  (stress-free)  state 


of  the  column  is  no  longer  straight  but  slightly  curved.  When  the  column 
swings  over  into  the  opposite  maximum  position,  the  amplitude  of  this 
maximum  is  smaller  than  that  of  the  first  oscillation.  Because  of  the  bias 
built  into  the  column  by  the  first  oscillation,  a  little  more  permanent  curva¬ 
ture  develops  in  consequence  of  creep  during  every  right-hand  swing  then 
during  the  corresponding  left-hand  swing.  Hence  the  column  becomes  more 
and  more  distorted  as  time  passes.  The  amplitude  of  the  oscillations  may 
decrease,  become  zero,  or  increase  depending  on  the  conditions.  But  the 
average  position  moves  to  the  right  monotonically,  and  the  deviations  from 
straightness  increase  with  time.  Consequently  the  column  is  unstable  how¬ 
ever  small  the  compressive  force  may  be. 

The  analysis  of  columns  by  this  dynamic  approach  is  usually  too 
difficult.  It  is  more  customary  therefore  to  assume  that  the  column  is 
slightly  curved  initially;  this  slightly  curved  position  can  again  be  repre¬ 
sented  by  the  line  marked  y^  in  Fig.  11.  Such  an  assumption  is  justified 
because  no  practical  column  is  ever  perfectly  :dtraight,  nor  is  it  centered 
perfectly  in  the  testing  machine.  In  this  static,  or  quasi-static  approach, 
the  place  of  the  disturbance  is  taken  by  the  initial  deviations  from  straight¬ 
ness.  They  are  the  cause  of  the  appearance  of  bending  moments  Py^  which 
cause  bending  creep  to  take  place.  Thus  the  curvature  of  the  column  is 
increased,  the  lever  arm  y  of  the  load  P  becomes  greater,  the  creep  rate 
increases,  and  the  vicious  circle  ends  in  collapse.  Again  the  conclusion  is 
that  every  column  is  unstable,  however  small  is  the  axial  compressive 
load  P  . 


The  engineer  is  now  faced  with  the  necessity  of  relaxing  his  buckling 
criterion.  Obviously  it  would  be  unwise  to  abstain  from  using  a  reinforced 
concrete  column  because  one  knows  that  it  would  collapse  in  consequence  of 
creep  in  two  or  three  hundred  years.  The  important  problem  to  be  solved  is 
therefore  how  long  it  is  safe  to  make  use  of  the  column. 


The  answer  can  be  given  accurately  if  the  initial  shape  of  the  column, 
the  creep  behavior  of  its  material  and  the  maximum  permissible  deviation 
from  straightness  are  exactly  known.  But  often  an  approximate  value  of  the 
limit  of  usefulness  of  the  column  can  be  given  even  without  such  an  accurate 
knowledge. 

It  has  been  observed  in  column  creep  tests  that  the  initial  deviations 
from  straightness  increase  very  slowly  at  first,  and  that  the  motion  of  the 
column  accelerates  very  rapidly  when  a  critical  value  t^^  of  the  time  is 
approached  closely.  This  critical  time  can  serve  as  a  milestone  in  creep 
buckling  analysis  in  much  the  same  way  as  the  Euler  buckling  load  in 
elastic  column  analysis. 

The  existence  of  a  critical  time  can  be  proved  analytically  also. 

Calculations  show  that  the  deviations  from  straightness  of  an  initially 

slightly  curved  column  approach  infinity  when  the  time  approaches  the 

critical  time  t  .  This  critical  time  is  finite,  and  it  may  actually  be  a 
cr 

few  seconds  or  minutes  only,  if  the  creep  strain  increases  more  I'apidly 
than  linearly  with  stress.  This  is  always  the  case  when  the  material  of  the 
column  is  one  of  our  structural  metals. 

There  is  however  a  second  explanation  of  the  finite  critical  time 
which  seems  to  be  closer  to  physical  facts  in  many  cases  (see  Refs.  26,  27, 
28,  and  29).  This  can  be  given  most  conveniently  if  the  cross-sectional 
shape  of  the  column  is  idealized  as  indicated  in  Fig.  11. 

If  the  stress -strain  relationship  of  the  material,  as  obtained  from  a 
rapid  enough  test  to  prevent  creep,  is  not  straight  but  curved  (see  Fig.  12), 
a  small  increment  in  stress  is  accompanied  by  a  small  increment  in  strain 
in  such  a  manner  that  the  tangent  to  the  stress-strain  curve  is  followed.  On 
the  other  hand,  when  the  stress  is  decreased  the  strain  decreases  along  a 
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straight  line  parallel  to  the  initial  straight-line  portion  of  the  stress-strain 
curve  because  only  the  elastic  part  of  the  deformation  can  be  regained.  In 
the  column  test  the  load  is  constant.  Hence  an  increase  Ar  in  the  compressive 
stress  in  the  concave  flange  of  the  column  must  always  be  accompanied  by  a 
decrease  of  an  equal  amount  in  the  concave  flange.  The  resistance  of  the 
column  to  a  small  increment  in  the  bending  moment  is  therefore  characterized 
by  the  quantity 


I 


2EEt 

E+Et 


(15) 


where  I  is  the  moment  of  inertia  of  the  idealized  section  and  E ,  E^  and  E 

t  red 

are  "Voung  's  modulus,  the  tangent  modulus  and  the  reduced  modulus  of  the 
material. 


At  the  beginning  of  the  creep  process  under  the  load  P  the  column  is 
almost  straight  and  the  stresses  in  the  two  flanges  are  almost  equal.  The 
value  of  the  reduced  modulus  can  be  easily  calculated  from  Eq.  15  under 
these  conditions.  As  the  creep  deformations  increase  the  initial  deflections, 
the  stress  in  the  convex  flange  decreases  and  that  in  the  concave  flange  in¬ 
creases.  The  change  in  the  strain  in  the  convex  flange  is  always  governed 
by  the  same  Young's  modulus,  but  with  increasing  compressive  stress  in  the 
concave  flange  the  slope  of  the  stress-strain  curve,  and  thus  the  tangent 
modulus  E  decreases.  Hence  the  bending  rigidity  E  ,  1  of  the  column  de- 
creases  with  time. 


It  should  now  be  remembered  that  the  buckling  load  of  an  inelastic 

»  » 

column  is  given  by  the  von  Karman  formula 


P  -  tt^EI  /L^ 
cr  red 


(16) 
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where  P  is  the  buckling  load  and  L  is  the  length  of  the  column.  The  in- 
cr 

teresting  situation  arises  therefore  that  the  load  P  acting  on  the  coliunn  is 

constant,  but  the  critical  load  P  decreases  with  time.  If  the  load  P  is 

cr 

permitted  to  act  long  enough  on  the  initially  sli^tly  curved  column,  event¬ 
ually  the  critical  load  will  be  reduced  sufficiently  to  be  equal  to  the  applied 
load  P.  At  that  moment  the  column  collapses.  There  is  enough  evidence 
available  today  to  indicate  that  the  phenomenon  just  described  is  the  usual 
cause  of  creep  buckling. 

For  a  fixed  value  of  the  load  P  and  for  a  given  stress-strain  diagram 

the  value  of  E  ,  depends  only  on  the  deflection  of  the  column.  A  critical 
red 

value  of  thv^  deflection  can  therefore  be  defined  at  which  P  =  P.  In  Fig.  13 

cr 

^crit  critical  deflection  divided  by  the  radius  of  gyration  h/2  of  the 

column;  its  value  is  plotted  against  the  load  P  for  three  different  slenderness 
ratios  of  the  column.  The  material  properties  are  those  presented  in  Fig.  12. 

Calculations  similar  to  those  presented  can  also  be  carried  out  for 
plates  and  shells  but  the  mathematical  difficulties  increase.  Fig.  15,  taken 
from  Ref.  28,  shows  the  creep  buckling  of  a  circular  cylindrical  shell.  In 
Fig.  16  the  theoretical  critical  times  are  compared  with  the  experimental 
values. 

STRUCTURAL  SAFETY 

When  the  structures  man  is  confronted  with  the  task  of  establishing 
the  safety  of  a  structure  operating  at  high  temperature,  a  number  of  new  pro¬ 
blems  arise.  Should  he  apply  a  safety  factor  to  the  calculated  temperature  or 
does  the  safety  factor  for  loads,  if  properly  selected,  include  the  effect  of 
unpredictable  variations  in  temperature?  It  is  known  that  structural  elements 
simultaneously  loaded  and  heated  fail  under  any  load  that  is  maintained  for  a 
sufficiently  long  time.  Should  a  new  safety  factor  for  lifetime  be  created, 
or  do  the  safety  factors  for  loads  and  temperatures  take  care  of  this  matter? 


The  answers  to  these  questions  are  not  obvious  at  all.  In  earlier 
papers  (Refs.  24  and  30)  I  have  called  attention  to  the  fact  that  a  change  in 
absolute  temperature  of  1  per  cent  can  cause  a  change  in  the  steady  creep 
rate  of  about  40  per  cent.  In  a  similar  manner,  a  change  in  stress  of  1  per 
cent  may  lead  to  a  change  in  creep  rate  amounting  to  10  per  cent.  As  all 
these  relationships  are  non-linear,  it  is  not  easy  to  assess  in  advance  the 
ultimate  effects  of  errors  made  in  the  prediction  of  the  loading  conditions 
or  in  the  manufacture  of  the  hardware.  These  data  refer  to  aluminum  alloys 
in  the  temperature  range  from  400°  F  to  500°  F. 

The  failure  of  tensile  specimens  subjected  to  constant  loads  for 
extended  periods  of  time  at  high  temperatures  is  known  as  creep  rupture. 

With  aluminum  alloys  in  the  temperature  range  mentioned,  a  safety  factor 
of  2  applied  to  the  stress  may  increase  the  lifetime  by  a  factor  of  32,  while 
a  safety  factor  of  2  applied  to  the  lifetime  would  require  a  ratio  of  1. 15  of 
the  ultimate  stress  to  the  limit  stress. 

These  figures  should  suffice  to  prove  that  we  are  faced  with  a  be¬ 
wildering  situation.  In  my  opinion,  the  only  way  out  is  to  establish  statistically 
on  the  one  hand  the  frequencies  of  the  occurrence  of  various  loads  and  tem¬ 
peratures,  and  on  the  other  hand  the  frequencies  of  the  occurrence  of  instant¬ 
aneous  fracture  under  loads  and  of  various  creep  rates  at  all  the  temperatures 
of  interest.  From  these  frequency  curves  the  laws  of  probability  theory  can 
predict  the  probability  of  failure.  The  acceptable  probability  of  failure  must 
be  established  by  the  purchaser  of  the  airplane  or  missile.  He  may  be  guided 
in  reaching  his  decision  by  probability  values  to  be  calculated  for  existing  and 
already  proven  aircraft  or  missiles. 
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CONCLUSIONS 

Even  though  some  missiles  of  the  future  will  be  composed  of 
significantly  fewer  structural  elements  than  today's  bomber  and  transport 
airplanes,  the  number  of  structural  problems  to  be  solved  is  increasing 
at  the  present  time.  To  take  care  of  them,  the  structures  man  will  have  to 
acquire  a  working  knowledge  in  some  disciplines  which  used  to  be  far  from 
his  field  of  interest.  In  this  category  are  supersonic  aerodynamics,  thermo¬ 
dynamics,  the  physics  of  the  solid  state  and  the  theory  of  probability. 

If  he  is  dismayed  by  this  prospect,  he  should  remember  that  his 
aerodynamic  co-worker  has  already  gone  through  a  similar  transformation. 

He  has  been  studying  thermodynamics,  quantum  mechanics,  the  kinetic 
theory  of  gases  and  just  now  he  is  on  the  way  to  becoming  a  physical  chemist 
in  order  to  solve  the  problems  of  very  high-speed,  high-temperature  flow. 

There  is  no  reason  to  believe  that  the  structural  problems  are  harder 
to  solve  than  their  aerodynamic  counterparts.  The  more  research -minded 
ones  among  structures  men  will  broaden  their  interests  considerably  and  the 
more  hardware-minded  ones  will  be  able  to  use  new  routine  methods  which 
will  be  established  in  the  future. 

In  conclusion  we  may  safely  say  that  the  structures  man  is  here  to  stay. 
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